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SYNOPSIS
Unidirectional glass fibre reinforced epoxy and polyester 
laminae having a ranjge of fibre contents, Vf, were tensile tested 
normal to the fibre direction. The transverse failure strain was 
found to drop with increasing Vf. At high Vf, the kies strain 
magnification theory accounted reasonably well for the measured 
transverse failure strain, but at low Vf the composites failed at 
strains smaller than those predicted by the theory. This was 
considered to be due to the nonuniform fibre distribution. Transverse 
cracking was then studied in 0°, 90°, 0° glass fibre/epoxy sandwich 
laminates. At comparatively large 90° ply thicknesses, systematic 
cracking of the 90° ply occurred at an onset strain of ~ 0.55%', but 
the crack spacing was greater in laminates with thicker transverse 
plies. At small transverse ply thicknesses, cracking was constrained; 
this constrained cracking is explained in terms of a model based on 
the energy available for cracking. Thermal strains generated during 
fabrication and poisson strains were also assessed; the thermal 
strains were found to be quite small but the poisson strains were 
significantly large and for some laminate geometries they were 
responsible for splitting of the longitudinal plies along the fibre 
direction. This longitudinal splitting was also constrained at small 
0° ply thicknesses. Structural studies revealed that transverse 
failure initiated by fibre debonding. Crack propagation then 
occurred by the coalescence of the individual debonds leading to 
the formation of microscopic cracks. Fibre debonding can account 
for the deviation from linearity observed in the stress-strain curves 
of the laminates at ~ 0.3% strain and also a coincident visual whitening
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effect. The results of this work have important technological 
implications in that low strain damage can be minimised by dispersing 
the plies in a laminate on a fine scale.
-3-
ACKNOWLEDGEMENTS
I am deeply grateful to:
Professor J.E. Bailey for his inspiring guidance and invaluable 
suggestions given throughout this work.
Mr. M.G. Bader for his constant encouragement, supervision and 
help at all times.
Dr. A.A. Tavassoli and Arya-Mehr University of Technology for 
setting up the arrangements for this work.
Dr. K.W. Garratt for his great help and discussions during the 
initial stage.
Dr. P. Goodhew and staff in the Structural Studies Unit.for 
providing excellent facilities and help in a part of this work 
relating to failure studies by scanning electron microscope.
Colleagues and staff for their valuable discussions.
Workshop staff for building equipments.
Mrs. A. Gosling for typing this thesis.
My husband Behnam and my parents for their encouragement, help 
and patience.
CONTENTS
PAGE NO ,
Title Page 1
Synopsis 2
Acknowledgements 4
Contents 5
List of Symbols 8
List of Tables 11
List of Figures 12
Chapter 1. Introduction 18
Chapter 2. Literature Review 21
2.1. Materials and Methods of Fabrication 22
2.1.1. Resin Matrix Materials 22
2.1.2. Reinforcements 25
2.1.3. Fibre-Matrix Interface 28
2.1.4. Fabrication Methods 32
2.2. Properties of a Lamina 35
2.2.1 Introduction 35
2.2.2. Elastic Moduli of Continuous Unidirectional 35 
Lamina
40
2.2.3. Longitudinal Tensile Strength and Failure 
Mechanisms of Unidirectional Laminae
2.2.4. The Transverse Tensile Strength and Failure 46
Mechanisms of Unidirectional Lamina
2.2.5. The Off-Axis Strength of Continuous 52
Unidirectional Laminate
2.3. Properties of a Laminate 60
2.3.1. Introduction 60
-5-
PAGE NO.
2.3.2. Elastic Moduli of Laminated Composites 61
2.3.3. Strength and Failure Mechanisms of 63 
Laminated Composites
2.3.4. Transverse Cracking in Laminated 65 
Composites
Chapter 3. Experimental Procedure 72
3.1. Introduction 73
3.2. Materials 75
3.3. Specimen Fabrication 76
3.4. Fibre Volume Fraction Measurement 81
3.5. Tensile Testing - Single Loading 82
3.6. Tensile Testing — Cyclic Loading 86
3.7. Fracture Toughness Testing 87
3.8. Crack Spacing Determination 89
3.9. Determination of the Residual Thermal 51
Strains
3.10. Optical and Scanning Electron Microscopy 95
3.11. A Special Test on Cross Ply Model 97
Composites
Chapter 4. Results 1C 2
4.1. Tensile Tests - Unfilled Resins 103
4.2. Tensile Tests - Unidirectional Laminae 10 5
4.3. Tensile Tests - 0°, 90°, 0° Cross Ply H O
Laminates
4.4. Tensile Tests - 90°, 0°, 90° Cross Ply 123
Laminates
4.5. Tensile Tests. Cyclic Loading 126
4.6. Fracture Toughness Tests 129
4.7. Assessment of the Residual Thermal Strains 13 3
4.8. Optical and Scanning Electron Microscopy 13 5
4.9. The Special Test on Cross Ply Model 141
Composites
-6-
Page No
Chapter 5. Discussion 15?
5.1. Introduction 153
5.2. Transverse Ply Failure Mechhnism 155
5.3. Transverse Multiple Cracking in 163
0 , 90 , 0 Cross Ply Laminates
5.3.1. Unconstrained Cracking 164
5.3.2. Transverse Cracking Constraint in 174
0 , 90 , 0 Cross Ply Laminates
5.3.3. Modification of the Constrained 179
Cracking Theory for the Thermal Effect
5.4. Transverse Cracking Behaviour in 1®7-
90°, 0°, 90° Cross Ply Laminates
5.5. Poisson’s Effect and Longitudinal 191
Splitting in 0°, 90°, 0° Cross Ply
Composites.
5.6. Longitudinal Splitting Constraint in 199
0 , 90 , 0 Cross Ply Laminates
5.7. Technological and Scientific
implications 205
Chapter 6. Conclusions 208
References 211
Appendix 
Publications
-7-
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a Notch length in double edge notched tensile specimens
B Thickness of fracture toughness specimens
b Outer ply thickness
C Notch length in work of fracture specimens
c Specimen width
D^ Fibre density
D Matrix density
m
DEN Double edge notched
d ' Semi-inner ply thickness
E^ Young's modulus of fibre
E Young's modulus of matrix
m
E (also E .) Young's modulus of Unidirectional Ply parallel to the 
fibres
E (also E_9) Young's modulus of Unidirectional Ply perpendicular 
t to the fibres
E Young's modulus of a 90°, 0°, 90° Cross ply laminate
ct
Shear modulus of the transverse ply
GRP Glass fibre reinforced plastic
L Specimen length
N Number of cracks
P Ply thickness
r^ Fibre radius
SEM Scanning electron microscopy
SMF Kies' strain magnification factor
t Crack spacing
V f Fibre Volume fraction
V Matrix volume fraction
m
-8-
W Width of fracture toughness specimens
WF Work of fracture
y 1 Length of delaminated interface
a Linear coefficient of thermal expansion of 0° ply
Xr
Linear coefficient of thermal expansion of 90° ply 
Y.. Fracture surface energy for initiation per unit area of 90° ply
Y jp Work of fracture per unit area of 90° ply
.o
ti 
tf
Y t Effective fracture surface energy per unit area of 90w ply 
A Inter-fibre spacing
AT Temperature change
AJt Composite extension in longitudinal direction due to cracking 
AU • Increase in stored elastic energy due to cracking 
AW Work done by the applied stress on crack formation
Acr^  Maximum additional stress on 0° plies at the crack phase
An Additional stress on 0° plies
e Composite fracture strain
Strain in longitudinal ply in longitudinal direction 
tlis ^ P P ^ ec^  strain f°r longitudinal splitting 
Longitudinal ply failure strain
Strain in longitudinal ply in transverse direction 
e£ ts Transverse strain in longitudinal ply for splitting 
£ £ Strain in transverse ply in longitudinal direction 
et£u Transverse ply cracking strain
© Fibre angle with respect to the loading axis 
Poisson1 s ratio of 0° ply 
Poisson1s ratio of 90° ply 
P Radius of curvature of bent 0°, 90° laminate 
Applied stress
i
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cr Composite fracture stress
cu
a Stress in longitudinal ply in longitudinal direction
0 . Fracture stress of longitudinal ply
X a/U
Stress in transverse ply in longitudinal direction 
a t&u bracking stress of transverse ply
x^ Shear stress at the interface between 0° and 90° plies
Tj. Interface shear strength
t Maximum shear stress at the interface
max
t 1 Frictional stress at the interface
Superscripts
1 Inner ply
o Outer ply
P Poisson
th Thermal
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CHAPTER 1. INTRODUCTION
INTRODUCTION
There are many reasons for using glass fibre reinforced 
thermosetting plastics (GRP) composites - some of these include the 
superior strength to weight ratio, resistance to corrosion, versatility 
of design and manufacturing techniques, tailor made properties, and 
wide choice of resin, (1). In these composites, fibres are the 
load carrying component and the resin mainly holds fibres together 
and provides a medium for load transfer. A good bond between fibres 
and matrix is essential in order to utilize the maximum composite 
efficiency. However, with less strongly bonded interface failure 
and fibre pull-out occur and these contribute to the toughness of 
the material and are thus beneficial in certain applications. (2,3).
GRP laminates can be manufactured from short fibre strands, 
continuous fibre rovings, or fabrics according to the end properties 
required. The major characteristic of the unidirectional GRP laminae
is their high degree of anisotropy; high strengths and stiffnesses 
are produced along the fibre direction reflecting the superior 
properties of the fibre but the lamina fails at much reduced stresses 
or strains when (tensile! load acts perpendicular to the fibres. 
Railure in the latter case occurs in the resin or at the fibre-resin 
interface. This low transverse strength is considered to be due to 
the low matrix strength and the high local stress or strain 
concentrations generated in the matrix as a result of the stiffness 
mismatch between glass fibres and the resin material. Kies has 
calculated the extent of these strain concentrations and has 
reported that in a typical GRP lamina, strain magnification factors
-19-
of the order of 20 or more may develop in the material at high 
fibre contents (4), resulting in transverse failure strains of the 
order of 0.5% or less. This compares with the longitudinal failure 
strain of 'v 2.2%,
The low strain transverse failure often limits the useful 
working capacity of multi-layered laminates in which fibres are 
aligned in more than one direction. For instance, when such a laminate 
serves as a pipe or other forms of liquid containers, cracks in the 
plies that lie at right angles to the principal loading direction 
may lead to leakage (5,6,7)'. The laminate can thus be regarded as 
failed when transverse cracking occurs, although it may have only 
been extended to about 20% of its ultimate failure strain. Also, 
under the cyclic loading conditions transverse cracks are known 
to produce severe fatigue damage, see for example Owen and Duke 
(8,9), McGarry (10), and Broutman and Sahu (11).
This work is aimed at the better understanding of the 
micromechanics of transverse failure in GRP unidirectional laminae and 
its application to three-layer 0°, 90°, 0° cross ply laminates with 
the ultimate goal being to hopefully find a way to overcome this 
cracking at low strains. One advantage of using cross ply laminates 
is that the composite maintains its integrity during and after 
the occurrence of transverse cracking thus permitting a more 
detailed experimental investigation of the nature of the cracking 
to be made, which would not be possible if a simple unidirectional 
lamina were extended in the transverse direction.
-20-
CHAPTER 2. LITERATURE REVIEW
2.1 MATERIALS AND METHODS OF FABRICATION
2.1.1 Resiri Matrix Materials
Thermosetting resins were the first and are still the most 
popular plastics to be used with glass reinforcement. These are three- 
dimensional molecular networks whose structural elements are connected 
by strong covalent bonds so that the cured plastic is insoluble and 
infusible. The groups of thermosetting plastics which are most 
extensively used in glass fibre reinforced plastic technology are 
polyesters and epoxies. The resins used have been formulated so that a 
minimum of volatile by-products are liberated during their curing 
process and laminates made from these resins can be cured at low 
temperatures and pressures. The curing temperature may vary from room 
temperature to moderate elevated temperatures according to the type of 
resin and curing agent used.
Polyester resins, see- Parkyn and others (12, 13) are the 
condensation products of dihydric or polyhydric alkohols and dibasic 
or polybasic acids. A special class of unsaturated polyester resins 
has been developed for use in laminates; in these resins one of the 
reactants must be an unsaturated compound and this is usually one of 
the acid ingredients. The principle of the formulation is to react 
the selected unsaturated acid together with saturated acid and 
glycols, selected according to the properties required of the resin, 
to form a pre-condensate which is a linear polyester compound.
Typical reactants for this purpose are ethylene glycol:
ho-ch2 -ch2-oh
and maleic (or its isomer fumaric) acid:
HO-C-CH=CH-C-OH
n it
0  0
The esterfication reaction is associated with splitting off 
a molecule of water as each link is formed:
h o -c h 2-c h 2-o h +h o -c-c h =c h-c-o h  +
ii ii
0 0
h o -c h 2-c h 2-o -c-c h=c h-c-o h+h 2o
II II
0 : 0
f . • •
h o |c h 2-c h 2-o -c-c h =c h-c -o | h
II II n
0 0
During the reaction the condensation products, mainly water,
are removed as vapour. The pre-condensed polyester is then diluted
with a polymerisable monomer, usually styrene, and stabilized with
suitable amount of inhibitors in order to prevent premature gelation.
Further polymerization or curing of this resin occurs essentially
by a free radical initiated additon polymerization of the styrene
monomer which also cross-links to the unsaturated sites in the
polyester pre-condensate. This is accomplished by the addition of an
initiator (often incorrectly called as catalyst), most popular being
benzol peroxide and related compounds. These initiators require an
elevated temperature cure ('V'70°C) when they can break up to form a
pair of free radical groups which initiate the polymerization reaction.
However, the process may be made to proceed at room temperature by
adding a suitable accelerator. The most widely used cold setting
system is methyl -ethy1-ketone-peroxide (MEKP) as an initiator with
h
a solution of cobalt nap^thanate as accelerator.
The advantages of polyester resins include their low cost, 
good handleability, relatively low viscosity and versatility, but 
their use is limited by high curing shrinkage, poor bonding to glass 
and the limited pot-life of the prepared resin. Longer pot-lives can
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be achieved if elevated temperature .-cures are used but then the 
advantages of the cold cure system are lost. Styrene vapour also 
constitutes a health hazard.
Epoxy resins (14-16) are used when better quality laminate 
properties are required. Their superiority over polyester lies in 
their good adhesion to glass, low shrinkage, high thermal stability, 
better chemical resistance and long pot-lives. However, epoxy resins 
are more expensive than polyesters and usually need an elevated 
temperature cure.
o
The presence of the three-membered ring \:-c', known as 
the epoxide group is the characteristic of these resins. Epoxy resins 
are mainly produced from bisphenol A and epichlorohydrin. These 
reactants are condensed together to form the epoxy chain by eliminating 
a molecule of hydro chloric acid:
0 C1I3 oil c h 3 0
f \ _  I _  I , I /  \
h2c-ch - ch2 - 0  - \ o  >- c - \ o > -  [0 - CH2 - CH - ch2 - 0 - < o > -  0 - ch2- ch - ch2
CII3 ch3
The value of n depends on the molar ratio of reactants used 
during the resin synthesis and it controls the viscosity of resin. The 
minimum value of n is zero which gives an epoxy equivalent weight (EEW),
(i.e. molecular weight of the epoxy chain per epoxide group) of the value 
of 171. Curing is achieved by cross-linking between epoxide groups 
and a curing agent or hardener, which is added to the resin prior to 
the moulding process, or by direct linkage among the epoxy groups.
Hardners used with epoxy resins include primary and secondary amine^ 
amides, acids and acid anhydrides; the epoxide group is very reactive 
and can thus participate in a large number of reactions with other 
organic radicals. In practice, hardeners are chosen which produce
-24-
no condensation products during the curing reactions such as 
secondary amins.
Physical properties of some resin matrix materials are 
compared in Table 2.1.1.
TABLE 2.1.1, Typical Properties of Some Resin Matrix Materials(17).
Properties
Materials
Polyester Epoxy Polyimide
Specific gravity 1.28 1 . 1 1 ‘ 1.90
Tensile modulus 
GNnf*2 
Shear modulus
3.5 3.4 3.1
GNnf 2 
Tensile strength
1.4
, „  9 55 34 193
MNm z
Compre s s ive s trength
140 — 289
MNm- 2
Poisson’s ratio - 0.4 -
Strain at break 2 % 1 0 % -
Thermal expansion
1 0 " 6cm cm“ l0 C 1
1 0 0 57.6 14.4
2.1.2 Reinforcements
Glass fibre is the most common among all types of 
reinforcements which can be successfully used with polyester and 
epoxy resins. Other types of reinforcements such as carbon fibre, 
boron fibre, wiskers or metal wires are used when the laminate is 
to be used for specific applications. Some of the attractive 
characteristics of glass fibre are its : suitability to most 
chemicals, high strength to weight ratio, relatively high stiffness,
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no creep, and good durability (18). Table 2.1.2 shows some of the 
properties of glass fibres in comparison with other types of 
reinforcements.
TABLE 2.1.2. Typical Properties of Some Reinforcements (19).
Material
Tensile
Strength
afu
GNnT2
YoungTs 
Modulus
Ef
GNm- 2
Specific
Gravity
Df
afu
~Df
GNm” 2
Ef
Df
GNm” 2
Graphite whiskers 19.6 6 8 6 2 . 2 88.9 315
AI2 O 3 whiskers 15.4 532 max 4.0 38.5 133
Si whiskers 7.7 182 2.3 30.1 7.7
Glass fibre in 
air 10.5 max 73.5 2.5 42 29.4
High tenacity 
Nylon 6 6 0.§4 4.9 1 . 1 7 4.2
0.9% C Steel Wire 4.2 2 1 0 7.8 56 27.3
W Wire
(<0.25mm diam.)
3.85 350 19.3 2 . 1 18.2
There are many types of glass fibres with a wide range of 
compositions and thus properties - "E" glass is a lime-alumina- 
borosilicate glass with low alkali content. This was first 
developed for electrical applications on account of its excellent 
electrical resistance, but now comprises about 9 9 % of all continuous 
glass fibre produced. ’’E" glass fibres are produced by several 
manufacturers to slightly different compositions: diameters are 
usually of the order of 12ym. Other types of glass such as "A" glass, 
"C" glass and nS" glass are also produced for reinforcement. "A" 
glass is cheaper and generally inferior but others, although offering 
some improved properties are more expensive and are not produced in 
large quantities.
Glass fibres are vey sensitive to abrasion and must thus be 
protected against rubbing each other during hadling. This is 
achieved by coating them, as they are made, with a coating material 
called a ^ i z e ’. A typical size generally contains a film forming 
agent, a coupling agent,and a lubricant. Coupling agents are usually 
silane or organo-metallic complexes which provide the compatibility 
between the resin matrix and the glass fibre surface, so that a good 
adhesion between the disimilar phases is achieved in the composite.
t
Glass fibres are manufactured in a number of forms (20). The 
form chosen for a specific application depends on the moulding method 
to be used, the properties required in the product, and the cost. The 
basic form of glass fibre is the continuous "strand" consisting of 
about 200 fibres. A  "roving" includes a number of untwisted strands 
combined together. In "yarn", the individual strands are twisted. 
"Woven roving" or "woven cloth" are fabric produced from continuous 
strands, rovings or yarns. Discontinuous forms of glass fibres such 
as "chopped strands" and "chopped strand mat" are also available 
and widely used.
Chopped strand mat is cheap and easy to use but it produces 
composites with low fibre volume fractions. Higher fibre volume 
fractions and better composite strengths can be achieved by using 
fabrics. However, the process of weaving of yarns or rovings in a 
fabric develops "crimps" and these enhance the composite failure.
The degree of crimp depends on the type of weave; this being minimum 
in a "unidirectional fabric", with a satin weave, consisting of 
heavy yarns in the warp and light yarns, widely spaced in the weft 
direction. In the satin weave, the weft yarn passes over all but one 
end of the warp in the repeat of the weave, thus reducing the amount of
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crimp. The woven roving fabrics contain less crimp as the twisted 
yarn is replaced by the roving. The problems of low fibre volume 
fraction and crimp can be avoided altogether if the glass fibre is 
used in the form of a roving, where fibres are straight and untwisted, 
but the fabrication will be more costly.
2.1.3 Fibre-Matrix Interface
While the potential strength of a composite is determined 
by the properties of fibres and resin, the fibre-matrix interface 
properties are critical in determining the degree to which this potential 
can be utilized in a laminate. This is due to the fact that load 
transfer between fibre and matrix takes place at the interface. A 
strong interface bond aids high strength anc  ^ stiffness in composites. 
However, a controlled debonding is sometimes desired in order to 
enhance the toughness of the material. Any fibre-matrix interface 
must generally serve the purposes of good adhesion between the phases, 
good wettability, relaxation of the residual stresses which arise 
during the curing and cooling process due to the matrix shrinkage, and 
resistance to water and other corrosive environements (21 ,2 2 ).
There is the possibility of at least three types of bonds 
at the interface of GRP composites, chemical, physical and mechanical.
The chemical bond involves a chemical reaction between the phases, 
the physical bond results from a good fibre wetting and the mechanical 
bond associates with a rough fibre surface. A fibre surface treatment 
is found necessary in order to enhance the compatibility between the 
glass fibre and the resin structure as well as to facilitate fibre 
handling. "Size" and "Finish” are two types of treaments extensively
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used. A "size" cpnsists mainly of a lubricant to prevent the abrasion 
a film forming material to provide the fibre bundle integrity and a 
coupling agent to increase the fibre-matrix adhesion. The term "finish" 
implies that only a coupling agent is used. The integrity of the fibre 
bundle depends largely on the type of size it contains. Hard sizes 
produce fibre rovings or strands of high integrity, but with a ’soft1 
size the fibre bundle separates more easily.
Silane coupling agents are found to improve the glass 
fibre-resin bond strength (2T~24) and more important to increase the 
retention of the bond when exposed to the severe environment like 
heat and humidity. Table 2.1.3 shows the effect of some of the silane 
coupling agents on the strength of glass-fibre reinforced polyester 
and epoxy composites.
The true nature of the glass-resin bond has not been 
fully established. The present theories such as the wettability theory, 
deformable layer theory, chemical bond theory, etc., each give some 
explanation for the mechanisms by which silane coupling agents 
function but are inadequate to cover all aspects of the subject. The 
surface wettability theory refers to the strong adhesive bonds that 
are formed when the adhesive (resin) perfectly wets the adherant (fibre) . 
The applicability of this theory is under question as the work of 
Laird and Nelson (26) shows that Silanes diminish rather than promote 
the surface wettability of glass fibre by the liquid resin, by lowering 
the surface tension of glass. The deformable layer theory, suggested 
by Hooper (27) accounts for the relaxation of the interface residual 
stresses by the formation of a flexible layer at the interface.
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Table 2.3.1. The Effect of Silane Coupling Agents on the Strength
of Glass Fibre Reinforced Polyester and Epoxy' 
Composites (25)
Material Flexui
- 2 }
*al Strength (MNm Per Cent Improvement
Dry Wet(8hr boil) Dry Wet(8hr boil)
Glass Cloth (181) 
Reinforced 427 161
Polyester Resins 
(Paraplex-P43)
Control
y = 4086* 497 406 1 1 2 1064
Os-cH2 cH2 si(0 CH3 ) 3
y = 174 
cH3
cH 2= c- c-0CH2cH2cH-
532 406 168 1064
si(0CH3 ) 3
Glass Cloth (181) 
Reinforced 546 203**
Epoxy (Epon 828) 
Resins
Control
A-1100 644 469 126 910
NH 2 CH2 CH2 Si(0 C 2H 5 ) 3
y-4086 567 357 28 532
y-4087 679 420 168 749
y-2967 609 385 84 630
(hoch2 ch2 )2nch2
; (CH2 )2 Si-(0 C2H s ) 3
Union Carbide Corp. Identification Numbers
72 hour boil used for epoxy resins
-30-
However, the thickness of the coupling agent used on the glass surface
is found to be much smaller than the minimum thickness required for
such relaxation to take place. This theory is further modified by
Erickson, Volpe and Cooper (28) by suggesting that the coupling agent
destroys or adsorbs out of the uncured resin certain curing agent
molecules, leading to the formation of a flexible resin layer
(partially cured) around the fibre. This layer can thus accomodate
the interface stresses. This theory conflicts with the aspect of a
rigid interface, necessary for a uniform load transfer. The chemical
bond theory has been accepted by many investigators (21 “24) to be
the most realistic mechanism of the interface adhesion enhancement
by silane coupling agents. This theory states that silanes function
by forming strong chemical bonds to both glass and resin.- Co-polymerization
occurs between the silane and resin so that the coupling agent
eventually becomes a part of the resin structure and thus only the
glass-silane bond forms the actual interface bond. Plueddmann
(23>24) h-as reconciled the chemical bond theory with the deformable
layer theory by proposing his dynamic chemical bond theory. He
argues that the chemical bond between the silanols of the glass and
the coupling agent is in a dynamic rather than static state. The
continuous breaking and reformation of these bonds in the
presence of water molecules renders the interface a self-healing
nature for the relaxation of the residual stresses. This theory
implies the need for a rigid layer at the interface as otherwise
the retraction of the polymer after a bond is broken interfers with
the formation of the new bond,
Resistance to corrosion by water is another advantage of 
the silane coupling agents. Water destroys the interface bond by
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diffusing into the interface and leaching out the soluble minerals 
from the fibre surface. The resultant pits which are filled with 
water are sites for the subsequent micro-cracks (.29). Plueddmann 
has suggested that silanes do not function by preventing water from 
reaching the interface but by competing with water molecules for the 
glass surface so that water cannot cluster into droplets.
Since the interface strength is so critically important 
in explaining the composite properties, attempts have been made to 
develop techniques for its measurement. Chamis (30) has classified 
these methods into two major groups: direct measurements on a single 
or multi-filament models and indirect measurements from some composite 
overall properties. The latter being of a more qualitative nature.
The filament pullout test is a method extensively used for the 
measurement of the interface shear strength. In this method, the shear 
strength is calculated from the maximum load required to either pull 
or partially embedded fibre out of resin or, alternatively, to push 
a disc of resin which is cast around the fibre to move along the 
filament. Broutman (25,31) has used models in which the fibre is 
completely embedded in the resin to measure both the shear and the 
tensile bond strength.
2.1.4 Fabrication Methods
Glass fibre reinforced thermosetting plastics are manufactured 
by a large number of fabrication methods and in fact, this versatility 
in manufacturing technique is one of the reasons for using GRP. The 
choice of the method depends on the appearance, size, shape and 
numbers of the object to be made as well as the cost C32). Some of
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these processing techniques are as follows:-
(a) contact moulding, also called hand lay-up or wet lay-up 
cured with or without the assistanc- of heat;
(b) filament winding;
(c) bag moulding;
(d) matched-die moulding;
(e) spray up;
(f) continuous moulding, e.g. pultrusion and extrusion;
(g) injection moulding.
Contact moulding (33) is the simplest method of making 
GRP laminates and is widely used when large size objects in a limited 
number are required. In this method, the glass mat or fabric is 
laid down on a mould and wetted out with liquid resin by using a brush. 
The entrapped air is squeezed out by a roller. A release agent is
usually applied onto the mould to prevent the laminate from adhering 
to the mould. The laminate can be cured at room or higher temperatures 
without applied pressure. The curing process is sometimes supplemented 
by post-curing at a suitable temperature. Low fibre volume fraction 
and high void content are the main disadvantages of this method.
Filament winding C34) is employed when high fibre volume 
fractions and precisely oriented reinforcement is required. Pressure 
vessels, pipes and storage tanks are mainly manufactured by this method. 
In filament winding techniques, continuous fibres in the form of 
strand or roving are fist impregnated with the liquid resin and then 
wound onto a mandrel; pre-impregnated filaments can also be used. The 
tension on the fibres affects the void content and the laminate character
and must thus be controlled. The laminate can be cured with or without
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the application.of heat or pressure,
Vacuum, pressure and autoclave moulding are different types 
of bag moulding (.35). Low void content and high fibre volume fraction 
are advantages of this technique. In vacuum moulding, the hand laid-up 
laminate is covered with a perforated film, usually "cellophane11, 
followed .by a layer of bleeder cloth. The system is then sealed with
a flexible film. The assemblage is evacuated with pressures up to
-2  . .
85 KNtn so that the excess resin and entrapped air are squeezed out.
Heat is usually applied to assist the curing. In pressure moulding, 
the perforated film is replaced by a solid sheet and bleeder material 
is used. Here, the laminate covered with "cellophane" or similar 
material is pressed by a pressure bag with pressures up to about 7 MNm 
Heat is applied to the system during the curing. In the autoclave 
method, the laminate is sealed with a flexible film and placed in a 
metal chamber pressurized with a gas. Heat is applied by the autoclave 
and the gas circulates so that heat and pressure are uniformly 
applied.
Complex shapes can be made by matched die moulding through 
hot pressing the pre-form fabrics, pre-impregnated fabrics or chopped 
strand mats in a mould. Pressures up to about 100 psi are used.
The advantages of using pre-impregnated or prepreg"include high 
production rates, cleaner operation and easier control of resin 
content and composite properties (36).
Spray-up and injection moulding are generally used for 
discontinuous reinforcements.
2.2 •PROPERTIES OF A LAMINA
2.2.1 Introduction
By definition, a lamina or ply is the structural unit in a 
composite laminate, consisting of one single layer of parallel or 
random fibres in the matrix. However, short fibre and continuous 
uniaxial composite laminates are also often regarded as a lamina as 
there is no distinct interface between their individual plies. The 
basic composite theory includes the "rule of mixtures" which relates 
the lamina properties to those of the constituents and their volume 
fractions. The creditability of the rule of mixtures whilst established 
for some longitudinal properties is under questions for most of the 
transverse and shear properties. In this section a review of the 
present theories for the elastic moduli, strength, and stress-strain 
relations of a lamina has been made. This includes the continuous 
uniaxial, misaligned and short fibre composites.
2.2.2 " Elastic Moduli of Continuous Unidirectional Lamina
A unidirectional lamina is a general orthotropic material 
(i.e. one with three planes of symmetry) having nine independent 
elastic moduli. However, in most commonly used composites such as 
glass fibre and carbon fibre reinforced plastics, the 
reinforcement is used in the form of a roving or yarn and the ply thus 
consists of a great number of fibres randomly distributed. It is, 
therefore, reasonable for the engineering purposes to assume that the 
cross section perpendicular to the fibres of the ply is macro- 
scopically isotropic and the ply itself can be treated as a
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transversely isotropic material having only five independent moduli. ■ 
However, in the microscopic level the fibre distribution and geometry 
are not uniform and in order to evaluate exact relations between the 
composite elastic moduli and those of the constituent phases it is 
important to first determine the exact state of strain and stress 
distributions within the phases. Clearly, this is a very complex 
task and consequently many attempts have been made towards finding 
approximate solutions by reducing the problem to some simpler forms 
(.37,38). A type of approach extensively used by investigators is to 
deduce bounds for the composite moduli by averaging the stresses and 
strains in the phases and applying the variational principles of the 
theory of elasticity. The simplest bounds obtained are those of Voigt 
and Reuss (3 7 ), known as the bounds of the rule of mixtures. Voigt 
assumes the strains to be uniform throughout the composite, hence 
giving the upper bound approximating the longitudinal ply moduli; e.g.
E = ErV. + E V    (2.2.1)
% f f m m
m
where E . is the longitudinal Young's modulus of the ply, Ef and E 
r-j X  I
are those of the fibre and matrix respectively, and V^ and Vm  are the
corresponding phase volume concentrations. Similarly, Reuss takes the
stresses to be equal in the phases and finds the lower bound which
relates to the transverse moduli; e.g. :
•t V, V
i. = + _ E  (2 2 2 ^
g E E   * *
t f m
Et is the transverse Young's modulus. Bounds for other moduli are 
analogous to those obtained for the Young's modulus. The reasonably 
good prediction of the rule of mixtures for the longitudinal moduli 
(E^ and v^) has been pointed out by many investigators (37,38,40 ),
an examble being shown in Figure 2.2.1, but the transverse moduli are 
considerably underestimated by this approach, particularly at high V^,
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This is due to the complex stress and strain fields that exist in the 
latter case. Attempts to find more rigorous bounds have led to the 
works of Hill (42) and Hashin and Rosen (A3). These bounds were in 
fact first deduced for particulate composites or polycrystals in 
earlier attempts by Hill, Hashin and co-workers (44,45,46 ). Hill
considered a concentric cylinidrical model consisting of a single 
fibre embedded in matrix and derived bounds for the transverse plane 
strain bulk modulus Kt, the longitudinal YoungTs modulus and the 
longituindal Poisson’s ratio v . He further showed that the Voigt 
estimate is only a lower bound for due to the neglect of the 
Poisson’s ratio terms. Hill’s bounds coincide for composites having 
constituents with similar shear rigidities, hence giving exact solutions. 
Another important result derived from this work is that Kt, E ^  and v ^  
are connected together by exact relations. Hashin and Rosen chose a 
model consisting of an assemblage of single fibres embedded in matrix 
cylinders; the assemblage being in turn surrounded by a material which 
is macroscopically indistinguishable from the composite. Fibres are 
assumed to have varying diameters, but being constant, allowing for 
the random fibre distribution. The results of this work for the five 
independent elastic moduli are given below:
(2.2.3)
(2.2.4)
(2.2.5)
-37-
W h e r e  x - k + S m  1
T ^ r  * 3 ‘ ^
V k8f ■ Gt
W _ 1 + k 3 f Gm
The transverse Young’s modulus, Et> and Poisson’s ratio, v^, can be 
defined from the above moduli. The pertinent equations are:
4 KtGt
Et 4K v I     (2-2 "8)
Kt + Gt (1 + “ i ~ )
1 Et
vt = j  ( ^  ) -1   (2.2.9)
The above equations give the upper bounds to the moduli; the lower 
bounds are obtained by exchanging the places of and G^. The values 
of the Poisson’s ratio terms in the equations (2.2.3) and (2.2.4) are 
very small and therefore E. and v. can be closely estimated by the rule
Af &
of mixtures. Comparisons with experimental results have indicated that 
the upper bounds for G^ and E^ . give better results and that G ^  somewhat 
underestimates the longitudinal shear modulus of the unidirectional 
composites. The use of--a correction factor for G £ has been 
recommended by Rosen (47). The closeness of these bounds depends on 
the relative shear moduli of the phases, the bounds being coincident
Another group of equations which have been paid much attention 
on account of their simplicity, closed form and versatility to many 
geometries are those of Halpin and Tsai (48,49 ). These equations 
have been derived by simplifying the self-consistent models of 
Hill (5 0 ) and Hermmann (51). The expressions for E ^ a n d  v^follow 
those of the rule of mixtures. Other moduli are given by:
..... (2.2.10)
  (2.2.11)
where P denotes the composite moduli, E_, v,., G 0 and G . P and P-
r t* t ’ * t m f
are the corresponding constants of matrix and fibres. The parameter £ 
is a correction factor and is a measure of fibre geometry. Comparison 
of these equations with the numerical analysis of Foye • ( 52) have shown
5 = 2 (S.) for Et ...  (2 .2 .1 2 )
log 5 » /3 log (^-) for Gt........  (2.2.13)
where a and b are the dimensions of a rectangular fibre. For circular 
fibres a = b and thus £ = 2 for E^ and £ = 1 for G^. A comparison 
between the experimental data and theoretical estimates of Halpin and 
Tsai, Hashin and Rosen and Reuss is being made for the transverse 
Young's modulus, Et, in Figure 2.2.2.
Besides the above approximations, there exist a number of 
approaches based on various methods of numerical analyses. These 
include the works of Herman and Pister (54), Adams and Donor (55)
Foye (52,56 ) and Leissaand Clausen (57). These analyses produce 
exact results and can sometimes be used as a means for the assessment
. p  _ . i  + Snvf
p“  -
m f
where p_
„ —
(P + K ) 
m
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of the validity of approximate methods. However, these types of 
approaches are not suitable for engineering purposes due to the 
complexity of the computations involved.
2.2.3 Longitudinal Tensile Strength and Failure Mechanisms of 
Unidirectional Laminae
A common practice for longitudinal strength prediction 
applies the rule of mixtures approach, where fibres are being 
assumed to possess a uniform strength along their length (40,58,59 )
With the strains being similar in both fibres and matrix. Composite 
failure will occur when the strain reaches the failure strain of the 
more brittle phase. If the fibre failure strain- is less than that 
of the matrix:
cu = a* V* + o' V   (2.2.14)M u  fu f m m
where is the longitudinal strength of the unidirectional ply,
is the fibre ultimate tensile strength, - and o' is the matrix 
stress at the fibre failure strain. Clearly, equation (2.2.14) holds 
only if the fibre volume fraction is relatively large so that the 
first fibre cracking results in the immediate fracture of the matrix 
and hence the composite. If only a small amount of fibre is present, 
the matrix will be able to sustain the additional loads thrown onto 
it after fibres have broken up, this leading to the multiple fracture 
to small segments of fibres. The necessary condition for multiple 
fracture is
a V > a V, + o' V   (2.2.15)
mu m mu f m m  ' * .
The upper limit of is thus:
(V*) 0 •f' mu_____urn______
max or + a - o' 
fu mu m
  (2.2.16)
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when multiple fracture occurs, the composite strength will be given by:
c p « = a V ___ . (2.2.17)M u  mu m
Similarly, if the matrix has smaller failure strain, single or multiple 
cracking occurs in the matrix and for either case can then be
obtained from equations analogous to those given above (Figure 2.2 .3 ) 
Experimental data obtained for copper /tungsten composites have 
shown by Kelly (40) to agree very closely with the simple theory 
(Figure 2.2.4. ). Mdet.ko has modified the theory for the case when 
both components are ductile(60).
The multiple fracture phenomenon in the brittle phase has been 
discussed in detail by Aveston, Cooper, Kelly and co-workers (61~65 ).
Assuming that matrix is the cracking phase, i.e. e < e£u > the 
equation which governs the load transfer between fibres and matrix 
after cracking has occurred is:
., 2V t .
—  = — i-i   (2.2.18)
<5y rf
where dF is the load transferred from fibres to matrix in distance 
dy (dy along the fibre axis) and is the shear stress acting at the 
interface. Two critical conditions may arise at this point: fibres 
debond if exceeds the interface shear strength or otherwise they 
remain bonded. The unbonded case, which is discussed by Aveston, 
Cooper, and Kelly (61), accounts for a linear load transfer by the
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constant frictional stress t ' at the interface. Subsequent cracks
occur in the matrix when F = o V , forming blocks of matrix of
mu m
length betweenx^ and 2 x . x can be deduced by integrating (2.2.18)
and substituting for F = a V . Thus ° m u m
. J f l *  ....  (2.2.19)
f
Theoretically, cracking will be completed at a constant applied
stress with the total average additional strain produced in the
composite due to the additional loads thrown onto the fibres being
between 2 emua j(a = a crack spacing of 2x ' and 3/4 e a for
f f
a crack spacing of x'. Post-cracking extension of the composite 
results in the fibres sliding over the blocks of resin, the
composite Young’s modulus now being (Figure 2.2.5 ). The
argument is different if the interface withstands the shear stresses 
and remains intact. In this case, which is treated by Aveston and 
Kelly (.62;, is not a constant value but varies with y. Based on 
the shear lag analysis of Cox (6 6), Aveston and Kelly deduced the 
following equation for the additonal stress Aa placed onto the fibres 
at a distance y from the first crack.
Ag = Ag q [l - exp (-$*y)]   (2.2.20)
. 2G E*
$ = E E V“  2 R * (2 *2 *21)
f m  m r r  In—
f
where R is the radial distance from the centre of the fibre at which 
the displacement in the matrix is equal to the average displacement 
in the matrix. Ag q is the maximum value of Aa occuring at the crack 
plane. Hence for the first crack:
p
Ao0 = ~  - e ..... (2.2.22)
u V, mu f 
t
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where a is the,applied stress. The laad transferred back to the 
matrix is simply given by:
vf
F = (Aa0 - Aa).....................  (2.2.23)
m
or
F. = VfAo0 [l - e x p ^ y ) ]  .....  (2.2.24)
and the shear stress at the interface can be derived from integrating 
equation (2.2.18) and using (2.2.24). Thus:
rf A iTi = - ~ A o 0 $ 2 exp(-$2y) ....  (2.2.25)
It is readily indicated by the exponential type of load transfer that
the matrix cannot be loaded again to the value of F = a V , required
mu nr
for further cracking, within the specimen length unless the applied 
stress, hence Aa0 is raised. Cracking thus proceeds at a rising 
load (Figure 2.2.5-), producing blocks of matrix of length between 
X' and 2X' where:
. 0  V
X' = - V  In (1 - ) ....  (2.2.26)
$ 2 0 £
The above equation and equation (2.2.19) for unbonded case, 
indicate that the crack spacing is a function of the fibre size and 
volume fraction; for the bonded case it also depends on the value of 
Aa0 and hence o . Cooper and sillwood ( 64) have investigated the
cl
crack spacing in steel wire/epoxy composites with various wire 
diameters and volume fractions and found a close agreement between 
theory and experiment (Figure 2.2. 6 ). Also Aveston, Mercer and 
Silwood studied the behaviour of carbon fibre and steel wire 
reinforced cement composites and reported that the multiple cracking 
theory accounted well for the crack spacings observed (65) .Aveston and
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and Kelly have further discussed the conditions which arise when 
fibres only partly debond. In the partially debonded case, both 
linear and non-linear modes of the load transfer act and the 
predicted crack spacings are generally smaller than those if fibres 
were completely bonded (62) .
An important result derived from the multiple cracking theory 
is that it is possible to suppress cracks by reducing the size of the 
cracking phase i.e. fibre diameter in fibre cracking and inter-fibre 
spacing in matrix fracture. By simply balancing the body energies 
before and after cracking, Aveston et al predicted the strain at 
which cracking is energetically possible. For bonded case, the 
condition required for cracking is:
Aw + AU + AU* - U - y ,, 2y V ___ _ (2.2.27)
m  f s 'db m m
where Aw is the work done by the applied stress during the crack
formation, AU and AU_ are the stored elastic energy 
m f '
changes in matrix and fibre respectively, U g is the work done against 
the frictional force at the interface, y ^  is the energy required for 
debonding, and y^ is the fracture surface energy of the matrix : all 
per unit area. The resulting expression for the matrix cracking 
strain is:
I2x'y E V 2
e (min) = (   ~--  )..................  (2 .2 . 28)
E 0E 2 r.V 
A m  f m
For the bonded case, y ^  is zero and the total change in the elastic 
stored energy of the body is equal to half of the work done by the 
applied stress. Thus:
JAW > 2y V   (2.2.29)
2 'm m
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and j
V J *  i
e (lin) = C-— ) 5 .....(2.2.30)
mu aE .
Clearly equations (2.2.28) and (2.2.30) can only apply when
e (min) is greater than the usual matrix failure strain e since 
m u x & mu
cracking is only allowed when conditions of energy and stress are 
both fulfilled! Cracking constraint.of this kind has been 
experimentally observed by many investigators using both metallic
and non-metallic composites (64,65,67 ). In fact, the concept of
. 3
crack constraint had been first introduced by Romu^ldi and Batson (6 )
a .
in concrete. RamujLdi and Batson treated the problem in terms of the 
critical stress intensity. Kelly (69) has pointed out that the two 
theories can be related together by the concept of linear elastic 
fracture mechanics.
The major criticism imposed on the strength prediction from 
the rule of mixtures is that in this type of approach fibres are 
assumed to have a uniform strength. This may be a justified 
assumption for metal fibres but it is not so for high strength brittle 
materials such as glass fibres where strength is greatly affected by 
surface flaws, and imperfections. Statistical methods have been used 
to deal with the problem of non-uniform fibre strength. Coleman (70) 
and Parratt (71) have treated the strength of fibre bundles. Coleman 
proposed that the Weibull statistical distribution can account for the 
fibre strength distribution. Rosen introduced the cumulative 
weakening theory for the composite strength (72,73 )• He chose a 
model containing a broken fibre and assumed that the additional loads 
due to the broken fibre are uniformly; distributed amongst other 
fibres. Upon increasing the applied load, more and more fibres fracture
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in the weak plane of material until the number of broken fibres 
reaches a value that the remaining material cannot sustain the 
additional loads and it fails. Using a Weibull strength distribution, 
Rosen deduced the following equation for the composite strength:
V^(a$6 ) ^ e x p ( -  ~  ) ....  (2.2.31)
where a and 3 are the constants defining the statistical stress 
distribution of fibres, 6 is the ineffective fibre length which has 
been assumed to be half the critical length 1 ^.
Zewben ( 74,75) argued that Rosen1s theory gives only an 
upper bound for the composite strength since it ignores the stress 
concentrations that exist at the fibre breaks. These stress 
concentrations become critically important in composites with a brittle 
matrix and a strong fibre-matrix bond where matrix cracking becomes 
the only means of local stress accommodation. The combined effects of 
nonuniform fibre strength and high local stresses have been studied 
by Zewben and Rosen (.76,77 ).
2.2.4 The Transverse Tensile-Strength and Failure Mechanisms 
of Unidirectional Laminae
The strength and failure mechanism(s) of unidirectional 
laminae under transverse loading conditions have not been adequately 
investigated although it is of considerable significance since the 
low-strain transverse ply failure is usually the first failure event 
which limits the applications of high performance composite laminates. 
Owen (8 ), Owen and Duke (9) and Broutman and Sahu (15) have pointed 
out the critical role of transverse microcracks in the development of
fatigue damage in GRP composites. Also, Garratt and Bailey(78) have 
shown that in glass fibre/polyester cross ply laminates, transverse 
cracks develop at strains less than about 2 0 % of the ultimate 
composite failure strain (i.e. 'V 0.3%).
The strength, stiffness and ductility of unidirectional
lamina reach their minimum values when loads are acting normal to
. . 2
the fibre axis. This is due to the inherent low matrix strength, the
relatively weak matrix-fibre interface and to high local stress and 
strain concentrations which arise in the matrix because of the 
stiffness incompatibility between the fibres and matrix. A common 
failure -criterion for the transverse ply strength states that 
failure occurs when the local stresses or strains in the matrix reach 
the matrix ultimate properties. Concerning the above criterion, 
many attempts have been made to calculate the stress and strain 
concentrations in the matrix. These being discussed in detail by 
Chamis and Sendekyj (37) and Daniel (79). The assumptions common to 
all these micromechanical analyses are that (a) fibres and matrix.are 
both linearly elastic, homogeneous and isotropic, (b) fibres are 
firmly bonded to the matrix, (c) the composite is free of voids,
(d) the in-situ and bulk matrix properties are the same, (e) there are 
no residual stresses in the system and (f) fibres are aligned in a 
regular array.
Taking a simple composite model as illustrated in Figure(2.2. 7) 
Kies (4) made a crude estimate of the matrix strain magnification 
factor (SMF) which is the ratio of the average strain in the matrix 
to that m  the composite. m , by taking the average stresses to be
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similar in the two phases; thus giving:
2 r . .
e f . e _ A
t& f A + 2rf A +2r^
+ m  7-— -—    (2.2.32)
where
c - Z i  _ ^  ^ p - ^  -'***• n  9 w
f E£ m  E E   (2.2.33)
f f m m
A is the clear inter-fibre spacing and for a square array of fibres
2 rf i
= ( - ~ )  2   (2.2.34)A + 2r^ II
From equations (2.2.32) and (2.2.33), the strain magnification 
factor (SMF) can be simply obtained by:
e 2 +  —
SMF = —  = V, __ = ..... (2.2.35)
t£ ~ + 2  (ZlE)
r f Ef
Equation (2.2.35) indicates that SMF increases as the inter-
fibre distance A or the stiffness ratio ■=—  decrease (Figure 2.2.3).
Ef
At the top limit of the fibre volume fraction, fibres are virtually 
touching and equation (2.2.35) reduces to:
Ef
SMF =   (2.2.36)
m
It thus follows that in a typical GRP composite, strain 
concentrations of the order of 2 0  may develop in the matrix at high 
fibre volume fractions. At failure in the transverse ply:
e
_ mu 
'tiu sm fe-*~ =   (2.2.37
The matrix failure strain, £m u > thus plays an important role 
in the transverse cracking strain. Lavengood and Ishai (80 ) and
Garratt and Bailey (81)• have reported on the effect of the resin 
failure strain on the onset strain for transverse cracking in GRP 
cross ply composites where they show that a great deal of improvement 
in the cracking threshold strain can be achieved by using more 
ductile resin systems. Garratt and Bailey have recorded an 
elimination of transverse cracking (up to 1.4% strain) with resins of 
failure strains in excess of 10%. Also Stevenrand Lupton have shown 
that with a resin that is capable of yielding and cold drawing, 
significant increases in the transverse cracking strain may be obtained, 
this being due to the stress relief around fibres (’82) .
Shulz (83) has extended the Kies’ model for the state of
plane stress in a square array of fibres and has found smaller values
for SMF. In further attempts to achieve a more rigorous solution,
various numerical methods have been used. Herrmann and Pister ( 54j
were the first who adopted this approach. Adams and Doner (55) used a
finite element method, Foye (52,56 ),applied a discrete element modelj
and Leissa and Clausen (.57) adopted a point matching technique to find
the stress fields in the matrix. The analysis made by Adams and
Doner gave values of -0.5 and 1.86 for the stress concentration factors
developed at the fibre-matrix interfaces parallel and perpendicular to
the loading axis respectively of a boron/epoxy composite with 0.55 V^.
These values are very close to those obtained by Marloff and Daniel( 84)
from a photo-elastic technique. These workers used a steel wire - 
CdfbondTe
reinforced po/y/- system simulating the boron fibre/epoxy composite, 
apart from the Poisson’s ratio, and obtained values of -0.5 and 1.80.
p
Furthermore, Marloff and Daniel reported an increase m  the magnitude 
of the stress concentration factor from 1.80 at the interface to about 
2 at the point mid-way between the fibres. This result is in line 
with the theoretical analysis of Goree(S5) who used a complex variable
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technique to study the stress, dis.ttib.ution in the matrix between 
two rigid cylindrical fibres embedded in an infinite matrix. Goree 
found that the location of the maximum stress varied with the inter­
fibre spacing in that for wide spacings the maximum stress occurred 
at the interface but for spacings less than one fibre radius it 
moved to the mid-point between the fibres. All the theories 
discussed thus far accounted for the transverse ply strength or 
failure strain on the basis of matrix maximum stresses or strains 
regarding- ideal conditions such as a regular fibre array, perfect 
interface bond, and no pre-existing voids or flaws. In real 
composites these defects inevitably exist in the material structure 
and they thus limit the applicability of the proposed theories.
For instance, in their work on the transverse cracking of glass fibre/ 
polyester composites, Garratt and Bailey (81) have noted that at 
high V^, Kies*model fitted reasonably well with the experimental 
cracking strains but at low Vf composites failed at strains much 
smaller than the theoretical estimates. This was considered to be due 
to local fibre bunching (i.e. local Vf was higher than the average 
Vf). Unfortunately, the literature dealing with real composites is 
very limited* Sendekyj and Yu (8 6 ), using a complex potential 
method, have pointed out that the microscopical randomness in fibre 
distribution is of little significance concerning the matrix stress 
fields. Greczcuk (87) has treated the transverse ply strength when 
voids and consequently ineffective fibres (fibres surrounding voids) 
exist in the material structure. He used a failure criterion based 
on Von-Mises’ distortion energy theory to determine the stress 
concentrations resulting from fibres, voids and the interaction 
between these two. This analysis is supported by some experimental 
results on glass fibre/epoxy composites. Also, Sih and Macdonald ( 8 8) 
have approached the problem of a pre-existing crack, between two
fibres, running towards the fibre-matrix interface. By calculating 
the stress intensity factor at the crack tip under transverse loading, 
they show that for a given crack length, as the inter-fibre spacing 
decreases crack extension becomes more difficult. This is due to the 
constraining effects developed by stiff fibres. Cooper and Kelly (89) 
have proposed a "rule of mixtures" type of equation for the 
approximation of the transverse strength of composites having weak,and 
strong interfaces. For strong interfaces: >
A v ,  , A v
<L, = a (1 - -— ) + a. ( — )   (2.2.38)t&u mu ir i ir
where the bracketed terms show the cross-section fractions of the 
matrix'bridges (between fibres) and the interfaces respectively for a 
square array of fibres, c^ is the average tensile strength of the 
interface. For weak interface, equation (2.2.38) reduces to:
A v
<V(h, = a™, ~   (2.2.39)tJou mu 7T
It is readily seen that this approach does not take into
account the matrix stress and strain concentrations. Marom and White
(90) applied Cooper and Kelly1s equations to glass fibre/epoxy
composites and found good agreement between experiment and theory at
high but poor agreement at low V^. They assumed an interface
tensile strength of the order of 0.5 a
• mu
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2.2.5 ' The Off-Axis Strength of'Continuous Unidirectional Lamina
There exist four major theories for the off-axis strength of 
unidirectional composites. These are the maximum stress criterion, 
the maximum strain criterion, the maximum work criterion and the Tsai 
and Wu criterion, see for example Tsai(91),Wu(92), and Harris(93)•
The maximum stress criterion has been first propounded by 
Jenkins ( 94) and then used by other workers such as Stowel and Liu '
( 9$» Kelly and Davis (58), Cooper (.96), and Jackson and Cratchley (.97)* 
This theory states that the composite will fail if one of the three 
ultimate strengths T£u > at£U ) *-s reached'. At small off-axis
angles 0 , the longitudinal or fibre fracture mode discussed in 
Section 2.2.3 applies and the composite strength is thus:
0/111 = Cos^G O < 0 < 0 1   (2.2.39)cu
where a is the off-axis strength and 0 i shows the upper limit of the 
orientation range over which (2.2.39) can be applied. At intermediate 
angles, shear failure parallel to fibres occurs and thus:
2 t
a = P-  -Q-C- ‘ q 0 1 < 0 < 0 2 . (2.2.40)cu Cos0 SinG 1
t . denotes the composite shear strength parallel to failures. And,
?u
finally, at small values of 0 , the transverse failure mode; (tensile 
failure of matrix or interface) as discussed in Section (2.2.4) applies 
Hence
1 * ^ t J&u «
°cii = Sin^G 0 2 < 6 < 9 0    (2.2.41)
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Comparisons between experiment and the maximum stress theory 
have shown good agreement, in both glass fibre/epoxy ( 9 1 ) and metallic 
(98) composites (Figure 2,2,9 ) , ’
The maximum strain theory is fundamentally similar to the 
maximum stress theory but with the restriction being placed on the 
maximum allowable strains. This criterion has been assessed by Tsai 
using glass fibre/epoxy composites and found to agree reasonably well 
with the data obtained (91). The major criticisms towards the 
maximum stress and strain criteria are that they produce a segmented 
rather than smooth variation in strength with the angle 0 and that 
they do not account for any interaction among the three failure modes. 
These problems have been eliminated to some degree in the maximum work 
criterion. The maximum work criterion has been postulated by Hill (99) 
who generalized the Von-Mises yield criterion to account for the 
strength of an anisotropic body. Azzi and Tsai ( 10.0)applied the Hill’s 
theory to orthotropic composite materials by relating the Hill’s 
strength tensors to the usual failure strengths. The maximum work 
theory in Plane stress takes the following form:
)2 + (l i _  K j i — )+ ( ^ - ) 2 + (It.)2' = i ...(2.;
-Hu H u tfu t&u £u
The above theory represents a continuous variation with 0 and 
is well supported by the experimental data obtained by Tsai (91.) for 
glass fibre/epoxy composites. The fundamental shortcomings associated 
with the maximum work criterion are that firstly it does not recognize 
the sign of the stress and secondly the interaction term included in 
the theory is only dependent upon the strength along the fibre 
direction. Finally, Tsai and Wu(lOl) have proposed a general failure
.42)
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criterion for anisotropic composites. Their theory accounts for the 
strength differences in tension and compression and it acknowledges 
all the possible interactions between normal and shear stresses. There 
exist seven strength tensors in Tsai and W u !s theory and for a 
transversely isotropic composite these tensors, with the exception of 
one can be determined from simple tensile, compressive and shear 
tests. The remaining tensor can be evaluated from biaxial or off-axis 
testing of an angle-ply laminate. Pipes and Cole have argued that the
off-axis tensile test possesses very little sensitivity for determination
*£
of the interaction term in Tsai and Wu's criterion for boron fibre/ 
epoxy composites (102). They further showed that for a simple tensile 
test there is not a significant difference between this general theory 
and the maximum work'theory. Besides, the Tsai-Wu’s theory assumes 
that shear strength parallel to the fibres is independent of stress 
normal to the fibres which is not true for a plastic matrix.
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Figure 2.2.2. Plot of transverse Young’s Modulus 
versus fibre volume fraction for boron fibre^ epoxy 
unidirectional composites. (©-) experiment (53)
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Figure 2.2.3. Variation of longitudinal strength of a uni­
directional composite with fibre volume fraction where (a) 
matrix, and (b) fibre, has a higher failure strain.
Figure 2.2.4. Ultimate longitudinal tensile strength of 
tungsten wire/ copper composite as a function of fibre 
volume fraction (40).
— — Elastic 
 Frictional
CL
CL
Strain ( % )
Figure 2.2.5. Predicted stress-strain curve for steel wire/cement 
composite for both debonded and bonded cases(62)
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Figure 2.2.6. Variation of crack spacing with (— -— ) 
for steel wire/epoxy unidirectional composite(64-). f
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Figure 2.2.8. Variation of Kies* strain magnification 
factor with inter - fibre spacing , and the modulus 
ratio Em/Ef for unidirectional composites.
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Figure 2.2.9. Plot of tensile strength of mis_aligned 
silica fibre/aluminum composite verses angle between fibre
and loading axis (40) . («) experiment, ( --- ) maximum stress
theory.
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2,3. PROPERTIES OF A LAMINATE
2.3.1 Introduction
A laminate is constructed of a number of laminae or plies 
firmly bonded together in a defined stacking sequence and orientation, 
Therefore, the laminate properties are determined by those of the 
individual plies, their orientations and stacking sequence. The 
classical laminated plate theory (CLPT). assumes a state of plane' 
stress in each ply and then relates the laminate stresses and moment 
resultants to the mid-pLane strains and curvatures through the well 
known laminate constitutive equation (48). The contracted form of 
this equation is:
N. A.. B.. e?
ii =1 i] 11 l_J_
k?
- M.
1 -l 1 lj
 1 j
B. .
U
B. . D..
. ■ . . i r ..... (2.3.1)where i,j = 1-6
where and M^ are the components of the laminate stresses and
moment resultants, e? and k? are the mid-plane strains and plate
curvatures respectively, and A^^, B.^ and D.. are components of the
laminate extensional stiffness, coupling between tensile and bending
and flexural rigidity matrices respectively. A.., B». and D . . are
ij ij ij
related to the elastic constants of the constitutive plies, their 
thicknesses and orientations through appropriate equations. The 
applicability of CLPT for prediction of the laminate stiffness has 
been established. However, this theory fails to provide reliable 
information about the laminate strength and failure modes. This 
is mainly due to the neglect of the edge and stacking sequence 
effects.
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2.3.2 Elastic Moduli of Laminated Composite's
The constitutive equation of the CLPT (equation 2,3,1). 
relates the laminate stresses and moment resultants to the mid*~plane 
deformation. The number of the independent elastic constants involved 
in this equation depends on the degree of the material symmetry and 
on the loading conditions. The simplest case is when a laminate 
with mid- plane symmetry is under uniaxial tensile loading. The mid­
plane symmetry ensures that there is no coupling between tensile 
stresses and bending deformations, hence all components of B^j are 
zero. Also, the unidirectional applied load implies that tensile 
stresses are independent of shear displacements, i.e. A^^ = A ^
= = 0 using the CLPT, Tsai (103) has derived expressions
lo Zo
for the non-zero components of the stiffness matrix, A..^, and the
flexural rigidity matrix, D. . of symmetric (0°,90°) cross ply and
ij s
(fc0°) angle ply composites (S denotes the mid-plane symmetry). These are 
s
simple laminates which are of practical interest where stress is
bi-axial e.g. in pipes and storage tanks. For symmetric cross ply
laminates, the extensional stiffnesses, A ^  were found to be independent
of the number of layers in the laminate, N, but the bending stiffnesses,
D.^ , varied with N. Tsai's expressions for A ^  components of a
(0°, 90°) laminate with plies of identical thickness of P are presented 
s
below.
a 66 =  P(W   C2'3 '21
where
1-v V 
12 21
Q12 = V21E11 = y>12E22
1~V12V21 1“V12V21
= ^^2 •••••(2.3.3)
where M is the ratio of the total thickness of 0° plies to that of
90° plies and F is the ratio of the Young's modulus of the unidirectional
E E
ply perpendicular to the fibres to that along the fibres 22 (or t).
E n  E*
Comparison between these equations and experiment using glass fibre 
reinforced composites has shown good agreement (Figure 2.3.1).
An alternative approach to the stiffness of a cross ply 
laminate is that of the rule of mixtures where
E c£ = (area fraction of 0° plies) + E (area fraction 
of 90° plies)  (2.3.2)
It can be easily shown that upon ignoring the Poisson's 
terms in the Tsai's equation, the two approaches will give similar 
results, Garratt and Bailey used the rule of mixtures and found a 
close fit between the theory and their experimental results using 
glass fibreypolyester °°> 90°> °° composites (78).
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2,3,3 Strength, and Failure Mechanisms of Laminated Composites
The classical laminated plate theory explains the strength of 
laminated composites on the basis of the response obtained from each 
indiyidual lamina in the body to the external loads, Once the 
external loads and the properties' of the constituent laminae are known, 
the mid-plane strains and curvatures can be determined using the 
laminate constitutive equation. The stresses and strains in each 
lamina are then calculated from these mid-plane deformation and finally 
an appropriate lamina failure crit .erion (section 2,2,5}_ determines 
which layer of the body is to fail first (48) , It thus follows: that 
the loading state, the ply orientations and ultimate properties are all 
important in determining the laminate strength and failure modes. Using 
this approach and considering a maximum work failure criterion, Tsai 
and Azzi (104) treated the strength of laminated composites under 
combined states of stress resulting from the applied loads and from 
the.thermal stresses induced during fabrication due to thermal 
expansion mismatch. They assumed that when a ply fails, some of its 
stiffness components reduce to zero and the laminate carries further 
load with diminishing stiffness due to the progressive failure in the 
plies. The ultimate strength is reached when all constituent layers 
have failed, A similar approach has v also been used by Petit and 
Waddoups (104) , Rosen and Dow (106)„ used a similar model to explain 
the' laminate strength but assumed that soma of the. lamina ultimate 
stresses reduce to zero when it fails, Also, Chiu (107)_ formulated the 
laminate strength by putting limitations on the strains in the failed 
lamina. These analyses become considerably simplified for symmetric 
.co°,-; ?o°) ^crossply or symmetric .(±91. angle ply laminates, In cross
S S ’
ply':laminates, first the_90° plies fail and this failure is associated
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with the occurance of a * knee1' in. the stress-strain curve 0-04.,
1 0 8 , 1 0 9 For angle ply laminates, simultaneous failure of all layers
occurs. Failure mode in angle-ply laminates depends on the value of
the angle 0 , Rotem and Hashin (1101 have reported three distinct modes
of failure as 0 varies from 0° to 90°, For angles smaller than ±45°,
o
failure started by delamination at the free edges, for the +45 
laminate, very large failure strains, up to 7% were recorded with failure 
occuring by gradual cracking along fibres followed by delamination. For 
angles greater than ±45°, transverse cracking occurred at low strains.
The major criticisms imposed on the CLPT approach to the 
strength of laminated composites are that this approach does not 
provide detailed information about- the failure mode and that it assumes 
that the interlaminar stresses are zero throughout the laminate. This 
assumption can only apply to infinitely large laminates or tubular 
specimens under axial loading where no free edges are present (HI ,112) . 
The problem of free edges has been widely discussed by Pipes, Pagano, 
Crossman and many others and it is well established that large in-plane 
shear and out-of-plane normal stresses develop at or near the laminate 
free edges (111-1231. Under some circumstances, these strains may 
become large enough to cause delamination which may then trigger the 
ultimate fracture of the composite. Failure of this kind has been 
experimentally observed by Crossman (116), in eight layered quasi­
isotropic (0°, ±45°, 90°) graphite fibrey q composites and also by 
Quinn and Mathews (122) in glass fibrey laminates. Theoretical
analyses of the edge stresses >tmye shown that both the magnitudes 
and the signs of these stresses are directly affected by the 
stacking sequence of the laminate (111, 112, 115L« For instance, in 
a cross ply laminate consisting of 0° and 90° plies, the interlaminar
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normal stress at the edge is tensile if the 0° plies are at the outer
surfaces, i.e. (0°, -90°) ,■ but is compressive if the 90° plies are at
the surface i.e. (90°, 0°) ; see for example Pipes and Pagano 0.10) and
s
Wang and Crossman (115)„. Therefore, these two laminates might be
expected to behave in a fundamentally different manner, in that the
C0°, 90°) laminate is weaker, failing by delamination at the composite 
s
edges. Also, Crossman (113). studied the behaviour of eight layered Quasi­
isotropic (0°, ±45°, 90°)_s graphite f*bre/e composites with different 
stacking orders and found, experimentally and analytically, that these 
laminates with the 90° plies at or close to the outer surface were 
stronger than other laminates. The strongest (90°, 45° - 45°, 0°)
s
laminate had a strength about 28 per cent greater than the weakest
(45°, *”45°, 0°, 90°) laminate. In the latter laminate, the combination
s
of transverse cracks in the 90° layer and mid-plane 90° delamination
with the (±45°) and (0°, 45°) interface delaminations led to a rapid
failure of the laminate. Similar results have also been reported for
glass fibre/ laminates (122).
epoxy
2.3.4 Transverse Cracking in Cross Ply Laminates
Cross ply laminates are simple forms of laminates, consisting 
of 0° and 90° plies only, which are of technological interest where a 
bi-directional reinforcement is required. In these laminates, the 
mismatch between the failure strains of the longitudinal and transverse 
plies results in cracking of the .90° plies when applied strain exceeds 
the transverse ply failure strain. Once the 9.0° plies have failed, 
their share of load is transferred to the unbroken 0° plies. The 
ultimate fracture occurs when the 0° plies are also stretched to 
their failure strain. The initial stiffness of the composite is the
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sum of the stiffnesses of the individual layers but accounting
for the area fractions. When the 90° ply cracks, a "knee” appears
in the stress-strain curve due to an abrupt loss of the laminate stiffness
(104, 108, 109). The sharpness of the knee depends on the' relative
thickness of the 90° ply; the thicker the ply the sharper the knee
due to a greater loss of stiffness (108). A bi-linear stress-strain
curve in which the po.st cracking stiffness is equal to the stiffness
of the longitudinal plies corrected for the area reduction has been
assumed by many investigators, see for example Tsai (103), Hahn and
Tsai (124), and Lavengood and Ishai (80). This model of stress-
strain curve implies that failure in 90° plies is gradual in which
no jumps are expected to occur in the stress-strain curve. Tsai
used the-CLPT approach and a maximum work failure criterion (the Tsai-
Hill criterion) to determine the stresses at the first transverse ply
failure and the ultimate composite fracture (103). In his
calculations Tsai accounted for both mechanical and thermal stresses
generated during fabrication. This work was supported by experiments
on glass fibre^ q composites. Hahn and Tsai (124) employed the
maximum strain failure criterion and deduced an expression for the
laminate secant modulus, E , to show the extent of damage at each
s
level of applied stress, a . The expression is
&
E E c£...............................  (2.3.2)
8 1+<Ec*Ac _1) (1-actu>
h  A£
where A and A are the cross sectional areas of the composite andC  J6
the longitudinal plies respectively, and a . is the applied stress
CUvI
at the onset of the transverse cracking. Comparison between the
theoretical plot of Es against the ratio °a and experimental
Ea  a« u
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results on eight layered glass fibreye 6xy and graphite•. f ibreyepoxy 
cross ply composites showed reasonable agreement.. :Furthermore, this 
work showed1 that failure was gradual (i»e. no jumps in the.stress- 
strain curve) as the model assumed, if the 0° and 90° plies were 
stacked alternately one upon another , but discrete jumps in strain 
occured in the laminate where all the 90° plies were bonded together 
between the outer longitudinal plies. Hahn and Tsai also pointed 
out that the strains generated in the composite in the transverse 
direction to loading axis due to the Poisson's ratio incompatibility 
of the plies had a negligible effect on the transverse cracking 
behaviour.
Garratt and Bailey are the first who noticed the systematic
\
i cracking of the 90 ply in three layered 0°, 90°, 0° glass fibre 
/polyester cross P-^ y laminates’ (J8). They showed that transverse 
cracking-in these laminates was a thickness dependent effect in which 
cracks were closer for laminates with thinner 90° plies. They then 
proposed that because of the analogy between this kind of laminate,
: and a unidirectional lamina in which matrix has a smaller failure 
strain than fibres, the theory.of'multiple cracking of Aveston and
. .Kelly which accounted. for transverse cracking in the matrix material 
can also account for transverse cracking behaviour of the laminates.
.:This theory was discussed in detail in section 2.2.3. The model
■ i
_Garratt and Bailey used.consists of a transverse ply of thickness 2d
* ' ^
sandwiched between twollongitudinal plies each of thickness b.
Fotithis laminate, all-the pertinent equations are similar to those 
for a unidirectional•lamina except. that and are now replaced
- .by., b , the area fractionof 0° plies, and d , the’area fraction of the 
' b+d, b+d. 1
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90° ply, respectively, also $ now given by:
E G
<f> = cZ t b+d. so o o'*
....
When the 90° ply cracks at the failure strain of £tJu loads 
re-distribute. This load transfer from one ply to the other occurs 
through shear stresses acting at the interface. The transverse ply 
carries no load at the plane of the crack, but it re-loads in an 
exponential manner as the distance from the crack increases. Further 
cracks will occur when the transverse ply is again re-stressed to 
its failure stress -E e J . Obviously, with the exponential mode
U uXU
of load transfer considered here, this would only be possible, within 
the specimerfslength, if the applied load is increased. Cracking 
thus /proceeds at a rising stress and under ideal conditions new 
cracks would form mid-way between the existing ones. The theory 
implies that cracks form only at specific values of external load 
where the crack spacing decreases by a factor of two in each sequence 
of cracking. This leads to a step-like behaviour for the crack 
spacing plotted against the applied load or against the maximum 
additional stress, thrown onto the 0° plies in the crack plane
(Figure 2.3.2). In Figure 2.3.2, the stepped curve demonstrates 
crack spacing for a particular specimen length when the first crack 
has occurred at the mid-length position. The upper and lower curves, 
however, limit the range of crack spacing for specimens of any length 
and with any position of first crack. The experimental results of 
crack spacing were shown to agree well with the trend of the theoretical 
predictions, although they were marginally above the theoretical line. 
Garratt and Bailey also obseryed a knee in the stress-strain curve 
of .the cross ply laminates they tested, when cracking occured at around
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0.3% strain. This was associated with a burst of acoustic 
emission. See Figure 2.3.3.
Also Steven and Lupton have attempted to predict the
transverse cracking behaviour in cross ply laminates (125). They
assumed that when the 90° ply cracks, two regions form on each side
of the crack. In the immediate region, strain in the transverse ply
is well below the transverse cracking strain, but it builds up fast.
In the second region, however, the strain is only slightly smaller
than the cracking strain. They further assumed that the strain required
to bring this second region up to the cracking strain is inversely
proportional to the length of those regions. They then deduced a linear
relation between the number of cracks and the reciprocal of the
stress level. Comparison between this theory and experiment, using 
v
glass fibre^ q 0 , 90 , 0 cross ply composites showed reasonably 
good agreement. However, this work is only an approximative approach 
and the more rigorous analysis is that of the multiple cracking 
theory.
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CHAPTER 3 : EXPERIMENTAL PROCEDURE
3.1 INTRODUCTION
The original aim of this work was a systematic study of the
failure mechanisms in unidirectional glass fibre reinforced plastic
(GRP) composites when extended in a direction perpendicular to the
fibres. This study involved a verification of the existing relevant
theories, namely Kies* strain magnification theory (4 ). Kies
suggested that strains in a transverse lamina are concentrated in the
resin between the adjacent fibres as a result of the differing
constituent moduli. The magnitude of this strain magnification factor
depends on the fibre spacing as well as the ratio of the matrix
stiffness E to that of the fibre E_; this increases as both the fibre m t
E
spacing and the ratio m/„ decrease. Hence, the transverse failure
f
initiates in the matrix when these local strains reach the matrix 
breaking strain. To this end, unidirectional laminae were made with a 
varying fibre volume fraction using two resin systems, epoxy and 
polyester. These composites were tensile tested in 90° configuration 
in order to investigate the effect of both fibre spacing and resin 
properties on the transverse failure strain. This approach did not 
prove fruitful; the reason being that firstly, it was found difficult 
to achieve high fibre volume fractions in the glass/polyester system 
due to the high resin viscosity and that at low fibre volume fractions, 
(Vj < ^0.4), there was a significant non-uniformity in the fibre 
distribution, and secondly, the composite always failed in a 
catastrophic manner with no sign of failure prior to the final failure. 
Hence, the experimental programme was modified to embrace only glass 
fibre/epoxy composites with high fibre volume fractions and the 
transverse lamina was sandwiched between two outer longitudinal plies,I
o o o # o
to form a 0, 90, 0 cross ply laminate..’ The presence of the 0 plies
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ensured tlie composite integrity during and after the 90° lamina 
cracking sequence at low strain. This provided a more stable system 
for study of the cracking process.
The study of this failure mode in the transverse ply revealed 
a number of phenomena peculiar to this type of sandwich laminate and 
these have become the principal subject of the research. This change 
in direction of the work is justified because the ultimate use of a 
unidirectional lamina would be in a laminate where the first failure 
event would be significant in determining the useful working strength 
of the material.
o °
One of the important results obtained from this work on 0, 90,
0 . o
0 cross ply laminates was that crack propagation m  the 90 ply could
be changed from a totally catastrophic mode to one of controlled crack
growth by making the ply very thin. This result; enabled a case study
of the crack initiation and propagation in a transverse-ply to be made
and this therefore fulfilled the initial object of the work.
\
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3.2 MATERIALS
An epoxy resin was used as the major resin matrix in this work 
on account of its long pot life, good transparency and low viscosity, 
all of which facilitated specimen fabrication. However, some 
unidirectional laminates were also made with a polyester resin in 
order to study the effect of resin failure strain on the transverse 
failure behaviour of the composites.
The epoxy resin was shell "EPIKOTE 828", a conventional resin 
made from epichloro hydrin and bisphenol A having an epoxide equivalent 
of 182 - 194. This was cured with 80 parts per hundred of resin (PHR) 
of "EPIKURE NMA" (nadic methyl anhydride) and 0.5 PHR of "BDMA" (benzyl 
dimethyl amine) accelerator. The curing cycle used for the laminates
was 100°C for 3 - 4  hours followed by 3 hours at 150°C.
The polyester resin was "CRYSTIC 390", a special isophthalic 
resin produced by the Scott Bader company. This was mixed with 1% by 
volume of "MEKP" (Methyl ethyl ketone peroxide) as the initiator and 
0.5% of a cobalt soap accelerator, providing a pot-life of about 30 
minutes. The laminates were cured at room temperature for about
20 hours followed by 3 hours at 80°C.
The reinforcement material was Silenka 051P, 1200Tex, a silane 
treated "E" glass roving suitable for both epoxy and polyester resins. 
The roving was in the form of a flat tape containing approximately 4000 
fibres; the diameter of each fibre beings 12 ym.
3.3 SPECIMEN FABRICATION
The degree of reliability and reproducibility of test results is 
largely dependent on the quality of the specimens used. Having an 
anisotropic and heterogeneous structure, fibre reinforced composites 
can be very sensitive to structural and material defects such as local 
weak interfaces, broken fibres, voids, fibre buckling or bunching, 
fibre misalignment, etc. These imperfections in the specimen structure 
alter the local stressor strain distribution and consequently the 
material strength. The significance of the role of a particular type 
of defect depends on the direction of loading with respect to the 
fibres. For example, the strength of a transverse unidirectional 
composite is more sensitive to weak interfaces and local fibre bunchings 
than to fibre misalignment or broken fibres whilst the opposite is the 
case for the longitudinal laminae.
In this work much effort was made to fabricate composites with 
a minimum of defects. The first method adopted was a hand lay-up 
technique using unidirectional woven roving cloths with the weft 
removed. The laminate was made by stacking these laminae onto a metal 
base and wetting out with liquid resin one layer at a time. The 
composite was eventually covered with a glass sheet and the excess 
resin squeezed out. The result of this method did not prove successful 
in that fibres were wavy and misaligned due to their being loose. The 
fibre volume fraction was low and the laminate contained a large amount 
of voids. A great deal of improvement was achieved by replacing the 
cloth with a roving in the form of a flat tape. The fibre roving was 
wound onto a glass sheet and wetted out with the liquid resin. This 
method, although eliminating the previous problems, had some
disadvantages. These were mainly the difficulty . in removing the 
cured laminate from the mould, the process took a long time and thus 
long resin pot-lives were required, this being a problem with the 
polyester resin, and finally the inconvenience of reinforcing in more 
than one direction. These problems were resolved by adopting a 
further modification where open frames were used. The resulting 
technique which was in fact a combination of the filament winding 
and wet lay-up methods was found to be very satisfactory. It provided 
laiminates with straight and highly close packed fibres which is a 
characteristic of the filament winding process and at the same time did 
not require resins with long pot-lives.
In this technique the fibre roving was first wound onto 400 x 400 mm
open square metallic frames of about 2mm thickness to form a single
. . .  . . . .  o o o
unidirectional lamina. Unidirectional or 0, 90, 0 cross ply laminates
were then built-up by stacking these laminae onto a thick aluminium 
base plate with dimensions smaller than that of the frames. The fibres 
were wetted out thoroughly with the liquid resin after each frame was 
laid down and any entrapped air was carefully expelled by using a hot 
air blower. This reduces the viscosity of the resin locally by heating 
it and allows the air bubble to escape. This technique was found to 
offer a greater degree of control than heating the whole laminate in an 
oven. However, a hot plate was placed under the laminate to accelerate 
the process by keeping the resin viscosity low. The laminate was 
eventually covered with a glass sheet to ensure a smooth surface and the 
excess resin was squeezed out by applying a sufficient pressure onto the 
laminate. For the case of glass fibre/epoxy composites both the top and 
the bottom sheets had been wrapped in "cellophane" film to prevent their 
adhering to the laminates. This was found to give a better result than
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the release agents as most of the release agents available were not only 
unsuccessful in providing a good separation but also gave the laminate 
an undesirable opaque appearance. Figure 3.3.1 shows the laminating 
sequence and an assembled mould. The laminate was cut out of the frames 
using a diamond saw after being cured as described in Section 3.2. Each 
laminate was about 280 x 200mm providing 8 tensile test pieces in the 
short direction and 3 in the second direction making a total of 11=specimens. 
Table 3.3.1 contains the descriptions of the composites made.
The fibre alignment and uniform distribution in the laminates 
manufactured by this technique was ensured by using straight tows wound 
onto the frames under a slight tension and the flaws and unwetted fibres 
were reduced to a minimum amount by choosing a low viscosity resin, wetting 
one layer at a time and using the hot plate plus local heating technique 
described earlier.
TABLE 3.3.1. Descriptions of the Composite Laminates 
Manufactured
Laminate
Fibre volume 
Fraction Vf Comments
Unidirectional 
glass fibre/polyester
Unidirectional 
glass fibre/epoxy
Unidirectional 
glass/fibre epoxy
~ o 0 
Two layered 0,90
glass fibre/epoxy cross ply 
o o o
Three layered 0,90,0 
glass fibre/epoxy cross ply
Five layered 8,9%,8,9%,8 
glass fibre/epoxy cross ply
0.1 - 0.35 
0.3 - 0.6 
0.55 ±0.05
0.55 
0.55 +0.05 
0.55
all 2mm thick
all 2mm thick
made in three different 
thicknesses. 0.5mm, 2mm 
and 4mm
plies with identical 
thickness of 0.23mm
with varying ply thickness
Plies with identical 
thickness of 0.25mm
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The fibre volume fraction was varied by keeping the composite 
thickness constant and controlling the number of fibre layers in the 
laminate. It was found difficult to achieve a similar range of for 
both the epoxy and the polyester unidirectional composites. ; This 
was due to the different resin viscosities, i.e. highly viscous 
polyester and highly fluid epoxy. Composites with low fibre volume 
fractions, i.e. < ^Q.4, showed a highly non-uniform fibre 
distribution and hence produced inconsistent results. As a result of 
this, the polyester system was abandonded and the work was carried out 
on the glass fibre reinforced epoxy composites at the relatively high 
volume fraction of 0.55.
In addition to the composites, tensile specimens of the 
unfilled resins were cast in a dog-bone shaped aluminium mould and 
cured under similar conditions.
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6Figu r e  3.2.1. I l l u s t r a t i o n  of l a m i n a t i n g  se q u e n c e
80
3.4 FIBRE VOLUME FRACTION MEASUREMENT
The fibre volume fraction of laminates was measured by the 
bum-off method in which a small piece of material of about 20 x 30 mm 
dimensions was cut and weighed. The resin was then burnt off at 500°C
for about 3 hours and the remaining glass was weighed again. Knowing
-3 .
the density of the glass fibre(2.55gr cm ) and that of the solid
-3
resin (1.12 gr cm ), the fibre volume fraction of the laminate 
was determined from the following equation:-
!*
Vf = .W7“  W~     (3.4.1)
f m
D, + D 
f m
Where W £ and W are the weights of the fibre and the resin in the 
r m
sample respectively and and D are the corresponding densities. An 
average value for of each laminate was obtained by measuring the 
fibre volume fraction of at least four different areas of the laminate
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3.5 TENSILE TESTING - SINGLE LOADING
Tensile tests were performed on the unfilled resins, 
unidirectional laminae and cross ply laminates.
Test pieces for the unfilled resins were dog-bone shaped 
specimens of 5mm thickness and 20mm gauge length and those for the 
composites were parallel sided specimens of 220 x 20mm dimensions.
These were cut out from the laminates along the required directions 
with a high speed diamond saw in order to minimize the damage 
introduced by the cutting process. The specimen ends were reinforced 
with 30mm long GRP tabs to prevent the premature failure at the grips. 
Figure 3.5.1 illustrates a tensile specimen.
All tensile tests were carried out on a TTD Instron machine 
at a cross head speed of 0.5mm min ^ (^.5 x 10 ^sec ^ strain rate).
The specimen strain was recorded by electrical resistance strain 
gauges bonded to the specimen with the output being connected to 
the machine through a suitable bridge circuit. An accoustic emission 
transducer was also clamped to the specimen and the output was 
monitored as a function of strain giving additional information on 
the failure behaviour. Figure 3.5.2 shows the set-up for tensile tests 
and a typical set of curves obtained.
Table 3.5.1 contains the descriptions of the composite laminates
tested; for each specimen the stress-strain curve was plotted and the
properties named in the table were measured. The unidirectional
o o o
laminae with varying and the cross ply laminates of both 0,90,0 and 
o o o
90, 0, 90 configurations with different ply thicknesses were tested
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for the study of transverse failure behaviour and the material strength
o o o o
degradation. The 0, 90, 0 laminates with a constant 0 ply thickness of
o
0.5mm and varying semi 90 thickness of between 0.1mm and 4mm were tested 
to different strain levels from the transverse cracking strain e^ t o  
the final fracture strain in 0.2% strain increments. The crack
spacing in the 90° ply was measured at each loading increment and the 
crack spacing variation as a function of the applied stress was thus 
determined. The onset strain for the transverse cracking in cross ply 
laminates could be easily defined as cracking was visually detected and
was also associated with a burst in the acoustic output The 
mechanical properties of the individual plies of these laminates were 
measured on a unidirectional lamina of identical V^. For the 
measurement of the longitudinal and the transverse Poisson’s Ratios, 
and \>t, strain gauges were bonded in the directions parallel and 
perpendicular to the fibres with the outputs being concurrently 
monitored.
o o o o o
The five layered 0, 90, 0, 90, 0 composite was tested in order 
to investigate the effect of the ply dispersion on the transverse 
cracking strain.
In addition to the composites given in Table 3.5.1, the unfilled 
resins were also tested and the initial Young’s Modulus and the 
fracture stress and strain were recorded.
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GRP tabs
Figure 3.5.1. Tensile specimen.
a
( a )  ( b)
Figure 3.5.2. (a) Set_up for tensile test, and
(b) typical set of curves obtained.
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3.6 TENSILE TESTING - CYCLIC LOADING
In an attempt to investigate the transverse failure initiation
o ° o , .
in 0, 90, 0 cross ply laminates, a limited amount of work was carried
out on cross ply laminates using cyclic loading accompanied by 
° ° 0
annealing. Two 0, 90, 0 cross ply laminates were tested, one with a
thin 90° ply, (2d = 0.25mm), and the other with a relatively thick
90° ply, (2d = 2mm); the outer plies were 0.5mm thick in both
laminates. The specimen was loaded - unloaded for three or four cycles
up to a maximum strain between 0.3 and e1, . The strain of 0.3%
tAu
correlates with a visual whitening effect observed in the material.
The laminate was then annealed at 100°C for 5-10 minutes and retested 
to the same maximum strain. After a few cycles of loading, the 
maximum strain was increased and the repeated loading continued. 
Structural studies for the signs of failure initiation were conducted- 
on the specimens tested to different strain levels.
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3.7 FRACTURE TOUGHNESS TESTING
The fracture surface energy of glass fibre reinforced epoxy 
unidirectional laminates with a fibre volume fraction of 0.55 was 
measured in the plane parallel to the fibres using both slow three 
point bending , test or work of fracture (VJF) test and double edge 
notched (DEN) tensile test.
The WF specimens were rectangular bars of 4 x 6 x 60 mm (45mm 
span) dimensions with the edge notches cut into them by a thin blade 
diamond saw, see Figure 3.7.1. The specimens were fractured into 
halves under slow three point bending carried out on a table model 
"Instron" machine at a cross-head speed of 0.5 mm min The work of 
fracture per unit area y ^ f o r  each specimen was determined by dividing 
the area under the load-deflection curve representing the total energy 
absorbed by the specimen during the complete separation by twice the- 
fracture cross sectional area (126) .
The DEN specimens were cut from 2mm thick unidirectional laminates 
having dimensions of 15 x 50mm, see Figure 3.7.2. These specimens were 
fractured under tensile loading performed on a TTP model "Instron" 
machine at a cross head speed of 0 . 2  mm/min ^ (~ 0 . 6  x 1 0 “^ strain 
rate). Values of the fracture surface energy of initiation y^j were 
calculated from the maximum load P^ required to fracture both the VJF and 
the DEN specimens by using the following equations (127) :
Yti “ 2Et WB ^tan 2w + 0 , 1  Sln    (3.7.1)
(DEN specimens)
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clTl d a n
IT 2 3
f+i = -y y  (31.7§ - 64.8 £=■ + 211 £y )  ....(3.7.2)
2E B T  ■ "  VJ VT
(WF specimens) 
arse Young’s mi
laminate and a, B, W and L are determined in Figures 3.7.1 and 3.7.2.
where E is the transve odulus of the unidirectional 
t
\
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F i gure  3.7.1. Wor k  of fr a c t u r e  specimen.
9>. W -
F i g u r e  3.7.2. D o u b l e  edge n o t c h e d  tensile spe ci men.
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3.8 ' 'CRACK 'SPACING DETERMINATION
The transverse crack spacing in 0° 90° 0°cross ply laminates 
was determined as a function of both the 9.0° ply thickness and the 
applied stress. This was only done for specimens with relatively large 
inner ply thicknesses (2 d > 0.4mm)where no constraining effects were 
operative and sharp cracks with well defined spacings spanned the 
whole width of the inner ply. The crack spacing of these specimens 
was defined as the average value of all the crack spacings 
throughout the specimen length. A travelling microscope was used to 
measure the distance between each pair of cracks.
-90-
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3.9 DETERMINATION OF THE RESIDUAL THERMAL STRAINS
Thermal strains are induced in 0^ 90,° O°cross ply laminates
during the curing process as a result of the differing contractions
of the 0° and 90° plies. The linear thermal expansion coefficient of
the 90° ply,(at ), in the laminates used in this work is about six
times greater than that of the 0° plies ,(a ). Hence, upon cooling the
I
laminate from the curing temperature to room temperature, the 
contraction of the 90° ply is constrained by the much stiffer 0 ° plies 
which contract only very little. This results in a tensile strain 
being generated in the direction normal to the fibres and a small 
compressive strain along the fibre direction in each ply. These 
strains are not detectable due to the mid-plane symmetry of the 
laminate. A treatment of the thermal strains is given in the 
following . Consider the as-cooled cross ply laminate in
Figure 3.9.1 where I denotes the direction of the fibres in the outer 
0 ° plies and t is the perpendicular direction in the plane of the 
laminate. Balancing forces in the Ji-direction gives:
E eth 2bc + E e** 2dc = 0    (3.9.1)
I ISL t U
where the first subscript shows the referred ply, i.e. longitudinal,
I, or transverse, t, and the second subscript denotes the direction of
til
the strain. For example, is the thermal strain in the transverse 
ply in the ^-direction. The strain compatibility gives:
e u - e«  = - (“t - V AT   (3-9 -2>
where AT is the effective temperature change and is negative. Solving
- th , th .
for e.„ and yields: 
tZ ZZ J
E d
= t,— ; ■•■■ ■£— j (a. - ( O A T    (3.9.4)SLl E_ b + E. d t Z 
Z t
Similarly the strains in the t-direction are given by:
eJtt = E p d + E b (at “ a£)AT   (3.9.5)
Z t '
4 ht " f - T T T T  (“t - “t)AT   (3.9.6)
From the above equations one needs to know the ply stiffnesses, the 
coefficients of thermal expansion and At in order to calculate the 
thermal strains. The assessment of AT is very difficult and requires 
a knowledge of the variation of a with temperature and any stress 
relaxation occuring during the curing and cooling process. In this 
work an assessment of the magnitude of the parameter (a - a.)AT was
L &
made by studying the behaviour of an unbalanced two layer 0 °, 90° 
laminate (128 ) with plies of identical thickness of 0.23mm and
similar fibre volume fraction to the 0°, 90°, 0° laminates. Upon 
cooling from the curing temperature to room temperature the unbalanced 
laminate bent, see Figure 3.9.2. Assuming a circular arc for the 
warped specimen, the radius of curvature was measured on a long strip 
cut from the laminate. Thimoshenko’s bimetallic beam theory (129 ) 
relates the radius of the curvature to the differential contractions 
by assuming a linear elastic behaviour for both plies, perfect bending 
between the laminae, negligible Poisson's effect and no shear 
interaction between the laminae. This is
E E
-AT(at - aj) ; - i - p ( - 1 +  14 )   (3.9.7)
t &
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Substituting for (a - a )a T  from equation (3.9.7) gives
t £
th ^ P ^
£tZ = E b + E ~d * 12p ^eT” + 14 + E  ^  * <3 *9 -8)
t, t t %
4-1 ^ Z ^ p E E
% t  = E d + E. b * 12p (E^~ + 14 + E ~  ^ - . (3.9.9)
X/ L L Xs
Note that for the 90°, 0°, 90° laminate configuration b and d exchange 
place.
This technique of determining the residual thermal strains is 
very simple, it takes into account any stress relaxations occuring 
during the cooling process, and it eliminates the need for measurement 
of , at and AT individually.
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Figure 3.9.1 Cross Ply laminate model.
\
\ /
\
\
\
Figure 3.9.2. Illustration of a cured of90°laminate ; 
the laminate bends when it is cooled.
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3.10 OPTICAL AND SCANNING ELECTRON MICROSCOPY
Structural studies for the signs of failure were performed
I
on optical and scanning electron microscopes on both the 90°
o o o .
unidirectional and 0, 90, 0 cross ply composites.
Samples for the optical microscopy were mounted in a polyester 
resin mixed with some graphite powder to enhance the contrast; 
these were hand polished on silicon carbide papers followed by a 
finishing on 6ym and lym diamond impregnated automatic laps for at 
least 2 hours. The specimen surface preparation was found to be very 
difficult due to the considerable inhomogeniety in the composite 
structure, i.e. hard fibres in soft matrix.
All the optical microscopic studies were carried out using the
transmitted light technique. Samples of 90° unidirectional polyester
o o o .
and epoxy composites and 0, 90, 0 cross ply composites which had been
tensile tested up to different strain levels, from very small strains
up to the composite fracture, were sectioned normal to the 90° ply and
were examined for the failure initiation and propagation. Figure 3.10.1
illustrates the specimen configuration for.the microscopic studies.
The above examinationsplus the fracture surface studies of the 
90° unidirectional composites were also carried out on the scanning 
electron microscope (SEM), Samples for SEM studies were first coated 
in vacuum with a thin layer of gold/palladium to render the surface 
electrically conducting. It was found that more detailed information 
could be obtained had the specimen surface been polished. A secondary
emission technique was used in the SEM studies.
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F i g u r e  3.10.1. I l l u s t r a t i o n  of s p e c i m e n  c o n f i g u r a t i o n  
for m i c r o s c o p i c  studies.
3.11 A SPECIAL TEST ON CROSS PLY MODEL COMPOSITES
The major difficulty with the initial failure studies by 
optical or electron microscopic examination of tested specimen was 
that micro-cracks, e.g. fibre debonds or resin cracks, generated as a 
result of loading closed up after load had been removed and they 
could not be detected under microscopy. This problem was overcome by 
developing a technique in which both tensile loading and structural 
studies by SEM, were simultaneously performed on the specimen. For 
this purpose, a straining stage was especially made and adapted to a 
"TV mini- SEM" microscope. Figures 3.11.1 (a) and 3.11.1 (b) show 
the straining stage both outside, and attached to the microscope 
respectively. The specimen was fixed between frictional grips of the 
loading frame within the vacuum system and was loaded very slowly 
through a hydraulic loading unit placed outside the microscope.
Strain rate could be controlled by the speed at which the screw knob 
providing the movement of the piston was rotated manually. The 
specimen was a 0°, 90°, 0° glass f i b r e ^ ^ ^  cross ply laminate of 
about 5x40 mm dimensions - the outer plies were ^ 0.25 mm thick on 
each side and the inner ply was about 0.3mm. In this laminate, 
transverse cracking was constrained and occurred at an increased 
strain and in a controlled mode. This separate crack initiation and 
propagation thus permitted a close study of the micromechanics of 
failure to be made. The thin cross sections of specimen which were 
normal to the fibre direction in the 90° ply were first carefully 
polished as described in section 3.10. It was found necessary to 
prepare both side surfaces as otherwise failure would have started 
preferentially from the unpolished side due to the damage induced 
during the cutting process. The polished specimen was then removed
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from the mounting mould by breaking the mould apart and was coated in 
vacuum with a thin layer of gold/palladium alloy. An electrical 
resistance strain gauge of 3mm gauge length was bonded to the specimen 
surface for strain measurements and the output was connected to a 
portable strain indicator.
First, an area of specimen was selected under the microscope 
and photomicrographs were taken from this reference area at zero strain. 
The specimen was then slowly loaded. Loading was stopped at 
approximately 0.05% strain intervals and the specimen was carefully 
inspected for the signs of failure and was photographed. After a 
sufficient degree of failure had occurred, the specimen was unloaded 
and photomicrographs were taken at the totally unloaded position.
This experiment revealed that fibre-matrix debonding was 
responsible for the■transverse failure initiation. Upon loading the 
composite first a brightening effect appeared at some parts of fibre 
boundaries, see Figure 3.11.2. This brightening effect is considered 
to be due to local charging, where the conductive coating has been broken 
as a result of fibre-matrix debonding. The brightening intensified and
spread to more fibres, on increasing load. Finally, the actual gap
between fibres and matrix were revealed with much light being emanated
from the edges of the gap (Figures 3.11.3). The coating layer was
therefore advantageous, rather than being a problem as it was suspected 
to be, in that it facilitated seeing cracks.
This technique, once the many associated problems, such as 
specimen preparation, slippage at grips and load stability at advanced 
stages of the test had been resolved, proved quite successful in
-98-
providing a direct study of the failure initiation and its * 
prop agation in a 90° ply during the course of tensile loading.
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(b)
Figure 3.11.1. Photographs showing the straining 
stage for SEM :(a) outside the microscope, and(b) 
fixed on the microscope.
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X 2 5 0 0
Figure 3.11.2. Onset of fibre-matrix debonding in 
the 90° ply of a 0o ,90o ,0° cross ply laminate under 
tensile load; the failure is revealed as bright rings 
around fibres.
X1400
Figure 3.11.3. Fibre debonds at advanced stage of 
loading.
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CHAPTER 4 RESULTS
4.1 TENSILE TESTS - UNFILLED RESINS
The unfilled epoxy and the polyester resins were tensile 
tested as described and the typical stress-strain curves obtained 
are shown in Figure 4.1.1. Both polymers demonstrated a significant 
deviation from linearity in their stress-strain curves; this started 
at about 1% strain for the epoxy and at a lower strain for the polyester. 
The epoxy resin with a failure strain emu of 2.7% was more brittle than 
the polyester with a emu of 4%. Both resins were almost equally 
stiff. Table 4.1.1 gives the mechanical properties of the unfilled 
resins.
TABLE 4.1.1
Mechanical Properties of the Unfilled Resins
Type of 
Resin
Initial Young's 
Modulus 
GNm~2
Fracture
Strain
%
Fracture
Stress
rtNrn*"2
Polyester 
(crystic 390 
+ MEKP + 
cobalt soap)
3.45 4 63
Epoxy • 
(Epikote 828 
+ Epikure 
NMA + BDMAr)
3.6 2.7 7°
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Fi gu r e  4.1.1. Stress - Strai n curves of the u n f i l l e d  
resins.
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4.2 TENSILE TESTS - UNIDIRECTIONAL LAMINAE
In an attempt to verify Kies’ strain magnification theory
unidirectional glass fibre/polyester and glass fibre/epoxy laminae
with varying were tensile tested in the direction perpendicular to
the fibres and the values of the transverse failure strain e
t£u
recorded. The resins used were almost identically stiff but the
polyester was more ductile than the epoxy. Hence, according to Kies,
for a given fibre spacing (a given provided fibres are uniformly
distributed) both composites develop similar strain magnification
factors and therefore the polyester composites should fail at a
higher strain than the epoxy composites. The experimental values of
the transverse failure strain are plotted in Figure 4.2.1 as a
function of fibre volume fraction. Unfortunately, the fibre volume
fractions of the two composite systems did not fall within the same
range due to the large difference in the. resin viscosities. In the
glass fibre/epoxy system e_ increased as decreased from 0.6 to 0.4
and remained almost unchanged upon a further reduction in to a value
of 0.3. e values for the glass fibre/ po/wesfecompo sites with a
tfu *
varying from 0.1 to 0.35 were generally lower than the epoxy 
composites and appeared to be almost independent of V^. At low V^, 
fibre distribution was not uniform, but fibre bunchings and resin 
rich areas were present, this resulting in additional stress 
concentrations and hence lower fracture strains. Both composites 
behaved linearly elastic up to a low strain (Figure 4.2.2) at which 
a significant nonlinearity commenced in the stress-strain curves.
The onset strain for the nonlinear behaviour was between 0.1% to 0.2% 
for the polyester composites and between 0.2% to 0.3% for the epoxy 
laminae. No visual or microscopic effects were found to accompany
-105-
this modulus degradation.
The transverse Young’s modulus was measured on the linear
portion of the stress-strain curves and is plotted in Figure 4.2.3
against V^. Unlike the transverse cracking strain, Et was found to
vary consistently with V^, regardless of the composite systems
-2
increasing in a nonlinear fashion from a value of 4  GN'lti for
- 2 . . .
= 0.1 to a value of 15 GNtf) for = 0.6. This indicates that
the non-uniform fibre distribution does not have a significant effect 
on the transverse Young’s modulus.
Transverse failure of unidirectional laminae was found to be a 
catastrophic phenomenon accompanied with a large acoustic output 
at the failure point. Some small acoustic energy was occasionally- 
emitted at low strains prior to the ultimate failure but the onset 
strain for,^nd the amount of,this was not consistent nor 
reproduceable. This was believed to be due to the slippage occuring 
at the grips.
The glass fibre/epoxy lamina'with a of 0.55 was tested both 
parallel and perpendicular to the fibres and the longitudinal and 
transverse Young’s moduli, fracture stresses and strains and the 
Poisson’s ratios were measured and are given in Table 4.2.1; these 
lamina properties were to be used in the analysis of the cross ply 
laminates. The stress-strain curve of the 0° lamina was linear up to 
the composite fracture at a strain of 2.2%; fracture being involved 
with a considerable splitting along the fibre direction. The 90° 
lamina -failed at 0.5% strain and showed a nonlinear behaviour 
commencing at 0.2 - 0.3% strain.
TABLE 4.2.1. Mechanical Properties of the Unidirectional
Glass Fibre/ Ply With 0.55 Fibre Volume — —------ Epoxy — ™ --- ---------------------
Fraction
Measured
Parameter 0° Ply 90° Ply Units
Low Strain 
Young's Modulus 42 ± 1 14 ± 0.5 GNm""2
Fracture
Stress 920 56 MNnf2
Fracture
Strain 2.2 ± 0.1 0.5 ± 0.03 %
Poisson’s
Ratio 0.27
)
0.09 -
Onset Strain for 
Acoustic Output - Failure %
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Glass -  Polyester 
Glass -EPoxy
.075
co
0.5
Q25
0.4
V,
0.6
F i gure  4.2.1. M e a s u r e d  value s of the tr an s v e r s e  
failure strain of u n i d i r e c t i o n a l  com pos it es as a 
function of fibre v o l u m e  fraction.
60
F i g u r e  4.2.2. Ty pical  stress _ stra in curves for 
tr an sverse u n i d i r e c t i o n a l  laminae.
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©  Glass-Polyester 
O Glass-Epoxy
0 2 -
Vx
Figure 4.2.3. Va lu es  of t r a n s v e r s e  Y o u n g 5s m o d u l u s  of 
u n i d i r e c t i o n a l  c o m p os ites as a f u n cti on  of fibre v o l u m e  
fraction.
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4.3 TENSILE TESTS - 0°, 90°, 0° CROSS PLY LAMINATES
Three distinct phenomena occurred in the 0°,90°,0° cross 
ply laminates when tested along the fibre direction in the outer 
0° plies.
The 0°,90°,0° laminates behaved in a linear elastic manner
up to a low strain between 0.2 and 0.3%. At this strain a visual
whitening effect occurred in the 90° ply accompanied by a slight
reduction in the composite stiffness; the magnitude of the departure
from linearity in the stress-strain curve was dependent upon the 90°
ply thickness,i.e. the thicker the ply the greater the change in the
initial Young's modulus. The whitening effect intensified and
progressed throughout the specimen as the load increased until a
strain e1 was reached when the first transverse crack occurred 
tin
in the 90° ply. The whitening effect was found to disappear over 
a short distance on both sides of the crack with no further whitening 
occuring as the specimen was strained beyond e1 In view of the
CJCU
importance of this whitening phenomenon as a possible source for
the crack nucleation, a further study was made by carrying out a
cyclic loading tests followed by microscopic examinations at
strains below e1. ; the results of these studies are given in 
t£u
section 4.5.
While the whitening effect occurred in all laminates at a
similar strain, the onset strain for transverse cracking e1 as
tlVL
well as the crack propagation behaviour were largely dependant upon
the thickness of the 90° ply; cracking was completely suppressed 
under certain geometries.
The results obtained from the laminates with a constant outer 
ply thickness b = 0.5mm and a varying inner ply thickness 2d between 
0.1mm and 4mm revealed that for comparatively large inner 90° ply 
thicknesses, i.e. 2d > 0.4mm, the transverse cracking occurred 
at a constant strain 0.55 ±0.05%". Cracking could be detected 
visually and was accompanied by a burst in the acoustic emission 
output together with a jump in the stress-strain curve. Figure 4.3.1 
shows a typical stress-strain curve of a 0°,90°,0° cross ply laminate 
with a comparatively thick 90° ply; also shown are the acoustic 
emission results. The first "knee" in the curve coincides with 
the occurrence of the whitening effect and the second "knee" 
associates with the onset of the transverse cracking; the 
thicker the 90° ply the sharper the knees. Cracks multiplied 
under increasing load; each crack resulting in a jump in the 
stress-strain curve and a burst of the acoustic emission. The 
specimen was eventually covered with evenly spaced cracks. The 
composite modulus was found to reduce progressively as a result 
of the increas e in the number of cracks and hence less contribution 
from the 90° ply to the overall stiffness.
The crack spacing in these laminates was a function of both 
the applied stress and the transverse ply thickness, i.e. the thicker 
the 90° ply the greater the crack spacing for a given applied stress. 
Pictures in Figures 4.3.2 and 4.3.3 demonstrate examples of the crack
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spacing as a function of the applied stress and the 90° ply thickness 
respectively.
After initial crack formation, the rate of decrease of crack 
spacing was high but slowed down with increasing stress, appearing 
to approach zero at high stresses. Figure 4.3.4 gives the results 
of the crack spacing plotted against the applied stress for four 
transverse ply thicknesses. These results have been obtained 
from the incremental loading of the laminates to different 
strain levels.
Transverse cracking in these laminates was instantaneous 
and cracks generally spanned the whole of the inner ply. The first 
few cracks formed at random along the specimen length but the 
following cracks normally occurred about half way between the 
existing cracks. No delamination was observed at the crack 
junction with the outer 0 ° plies for laminates with transverse 
ply thickness less than about 2.5mm. A limited amount of delamination 
occurred in the laminates with 2d > 2.5mm together with oblique approx­
imately 45° cracks on both sides of the crack forming at higher strains. 
The delamination and the oblique cracks can be noticed in the specimen 
with 2d = 4mm shown in Figure 4.3.3. The length of the delaminated 
area increased and the strain at which these oblique cracks were 
first observed decreased with increasing the 90° ply thickness.
In the laminate with 2d = 4mm, the oblique cracks around each 
individual transverse crack were found to multiply under increasing 
load; an illustration of this is given in Figure 4.3.5.
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As the inner S0 ° ply thickness was decreased to values
below ~0.4mm, the cracking behaviour changed markedly. While the
transverse cracking of the laminates with 2d > 0.4 commenced at a
constant strain and in an instantaneous mode that in the laminates
with 2 d < 0.4 occurred in a controlled manner and the onset strain
was greater as the transverse lamina thickness was reduced.
Figure 4.3.6 shows the variation of e1 as a function of the trans-
t£u
verse ply thickness for specimens with a constant outer ply thick­
ness of b = 0.5mm. The transverse cracking in these thin laminates 
started with the formation of small cracks at the edges of the 
specimen. These edge cracks multiplied and grew slowly under 
increasing load; some eventually spanned the whole of the inner 
ply. e 1 in these specimens was defined as the strain at which
u Xu
the first "edge crack" spanned the inner ply. The onset strain 
for the edge cracking increased and the rate of the propagation 
decreased with decreasing 90° ply thickness. In the laminate with 
2d = 0.25mm the visible edge cracks occurred at about 0.8% strain 
leading to the transverse cracks at 1% strain. As 2d decreased to
0.15mm, the edge cracking was observed at about 1% strain but the 
growth was extremely slow. Cracking was completely suppressed in 
the laminate with 2d = 0.1mm. The photograph in Figure 4.3.7 shows 
the multiple cracking transition state from multiple cracking to 
crack suppression, edge cracks, and complete crack suppression in 
cross ply laminates. Polishing the edges of the specimens was found 
to slightly increase the edge cracking strain but did not eliminate 
the effect altogether. This possibly suggests that the edge cracks 
are more due to a boundary condition effect rather than the damage 
induced during the cutting process.
-113-
The stress-strain curve of the laminates with a very thin 
90° ply resembled a straight line, shown in Figure 4.3.8, due to 
the insignificant contribution of the 90° ply to the composite 
stiffness. An intense whitening effect was observed in these 
laminates as a result of a high cracking strain and it appeared 
that very small cracks were forming throughout the specimen at those 
whitened areas. The incremental growth of edge cracks was by joining 
up of these tiny cracks.
The effect of the outer ply thickness on the onset strain 
for transverse cracking was investigated by testing specimens
with a constant inner ply thickness 2 d and varying outer ply thickness 
b. Two groups of laminates were tested; one with a 2d = 0.25mm and 
the other with 2d = 1mm. The results of these tests, shown in 
Figure 4.3.9, revealed that the transverse cracking strain 
was almost independant of the outer ply thickness for the range 
of the geometries investigated, having a value of about 0.9% for 
those specimens with 2d = 0.25mm and about 0.5% for the laminates 
with 2d = 1mm. These values of e ^ u are almost identical to those 
obtained for the 0°,90o ,0° laminates with similar 2d but an outer 
ply thickness of 0.5mm, indicating that it is mainly the thickness 
of the cracking ply that determines the cracking behaviour of the 
laminate.
The third phenomenon observed in the 0°,90°,0° cross ply 
laminates when tested in tension was the cracking of the outer 0 ° 
plies along the fibre direction; referred to as the "longitudinal
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splitting" effect.
The longitudinal splitting of the 0° plies occurred at 
a high strain e ^ prior to the ultimate failure of the composite 
at ecu = 2.2 ± 0.1%. Cracks normally initiated within the specimen 
length but occasionally started from the clamped ends of specimens 
and propagated along the fibre direction. The longitudinal 
splitting behaviour was found to be similar to the transverse 
cracking in that a whitening effect was observed in the 0 ° plies 
prior to the splitting, and the cracking was constrained as the 
ply thickness was decreased. Multiple splitting with an instantan­
eous crack formation was observed in the laminates with comparatively 
thick b. Pictures in Figure 4.3.10 demonstrate the longitudinal 
splitting of the 0° ply for two outer ply thicknesses. The 
experimental results of the splitting strain are plotted
as a function of both the outer ply thickness b for laminates with 
a constant d of 0.5mm (2d = 1mm) and the semi-inner ply thickness 
d for laminates with a constant b of 0.5mm in Figure. 4.3.11
. The splitting strain e increased
•Us
with decreasing both b and d. Splitting was completely suppressed 
in the laminate with an outer 0° ply thickness of 0.25mm or less.
The 0 ° plies were found to crack independently of one another, 
and on some occasions one ply experienced multiple splitting 
whilst the other had not cracked at all. A limited delamination 
was observed in the laminates with large outer ply thicknesses,
i.e. b > 1mm, at the points where the longitudinal split met the 
transverse cracks.
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The longitudinal splitting of the outer plies in 0°,90°,0° 
laminates can be attributed to the thermal and Poisson effect, both 
generating a tensile strain in the outer plies in the transverse 
direction. Unfortunately, a direct measurement of these transverse 
strains is not possible as any measurement will give the 
contraction of the composite rather than the direct ply strain.
In view of the technological importance of the constrained 
cracking effect in the cross ply laminates a five plied 0o ,90o ,0o ,90°,0o 
cross ply laminate with plies of identical thickness of 0.25mm 
was made and tested in order to investigate the effect of the 
ply dispersion on the cracking behaviour. If the 90° plies of 
this laminate had been lumped together, a transverse cracking 
strain of about 0.5% would have been expected as observed for a 
0°,90°,0O laminate with 2d = 0.5mm. However, the result of this 
dispersion was a very controlled cracking commencing at about 0.9%, 
as for the 0°,90o,0° laminates with 2d = 0.25mm. This is further 
evidence to support the view that the absolute thickness of the 
90° ply is the parameter which controls cracking behaviour, and 
hence the integrity of the laminate.
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Figure 4.3.1. Typi cal stress - st ra in curve of a 
0°,90°,0° glass f i b r e / e p o x y  cross ply lami nate w ith  
a compa r a t i v e l y  thick 90° ply , together  with the 
integrated  aco ustic count (arbitrary units). The knee in 
the cu rve ,at a strain of 0.3% is a s s o c i a t e d  wit h 
the w h i t e n i n g  effect and the second knee at, ^ 0.55% 
is a c c o m p a n i e d  by the onset of tr an s v e r s e  cracking: 
d = l m m , b = 0 .5 m m .
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X1
Strain(%) 1-0 1.2 1.4 1.6
Figure 4.3.2. Variation of the transverse crack 
spacing a 0° 390o ,0o cross ply laminate with a 90° 
ply thickness of 1.2mm with the applied strain.
d(mm)
Figure 4.3.3. Variation of the transverse crack 
spacing with the 90° ply thickness. All specimens 
have been loaded to 1.4% strain.
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o 2d=A mm.
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2d=2mm.
Applid Stress.0Q CMNm2)
Fi g u r e  4.3.4. A v e r a g e  crack spacing as a f u n c t i o n  
of applied stress for spe cimens w i t h  d i f f e r e n t  90° 
ply thicknesses.
F i gure  4.3.5. I l l u s t r a t i o n  of ob l i q u e  cracks, 
to g e t h e r  wit h  d e l a m i n a t i o n  , fo rm ing aroun d the 
in dvi dual tr a n s v e r s e  cracks in 0 ° , 9 0 ° , 0 °  s pe ci mens 
w i t h  large 90° ply thi ckn esses .
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Semi-inner 90 Ply Thickness,d (mm)
Figure 4.3.6. Experimentally measured values of the 
transverse cracking strain of 0°,90°,0° cross ply 
composites as a function of semi-inner 90° ply 
thickness ; (b=0.5mm).
Figure 4.3.7. Photograph showing (a) transverse 
multiple cracking ( d = 0.6m m ), (b ) tansit ion from
instantaneous to slow crack growth (d = 0 . i 25mm) , (c)
edge cracks (d=0.075mm) ,and (d) complete crack 
Suppression (0.05) . All specimens have been loaded
u{3 to i.4% strain.
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Figure 4.3.8. Ty pical stress - st ra in curve of a 
0°,90°,0° cross ply lam in at e wit h a thin 90° ply, 
together with  the i n t e g r a t e d  -i a c o ustic count 
(arbitrary units). d = 0 .125mm, b=0.5mm.
1 r
1.0- — o ----------------- d=0.15 mm.
 O d=0.5mm.
0.5 10 15 2.0 2.5
Outer 0 Ply Thickness, b (mm)
Fi gu re  4.3.9. V a r i a t i o n  of the t r a n s v e r s e  c r a c k i n g  
strain of 0°,90 ,0 ° cross ply la min ate s w i t h  the 
outer ply thickness for two 90° ply thic k n e s s e s .
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(a) ( b)
Figure 4.3.10. Longitudinal ply splitting in 0°,90o ,0° 
glass fibre/ epoxy composites with a90° ply thickness 
of (a) 0.6mm, and (b) 1.32mm; b=0.5mm.
2.5
\ \
b=0.5
d=0.5
Outer 0 Ply Thickness, b (mm) 
S em i-i nnergopiy Thickness,d (mm)
e 4.3.11. Longitudinal ply splitti ^  L. i. a. j. ii °  £  £  g
of 0°,90o ,0° cross ply laminates as a fun c t i o n  of(©)outer
ply thickness , b, for d~ 0.5 mm , and (O) semi-inner ply
thiclcnessjd, for b = 0.5ram. a ,  ^ c . - ..,denotes the specimen failure with
no splitting .
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4.4 TENSILE TESTS - 9QO,0O?90° CROSS PLY LAMINATES
The longitudinal splitting of the 0° plies observed in the 
0°,90°0° cross ply laminates, see section 4.3, is essentially a 
transverse cracking phenomenon occurring in the outer plies. Hence, 
the cross-ply laminates were also tested in the 90°,0°,90° configur- 
ation in order to investigate the effect of the ply stacking sequence 
on the transverse cracking strain. Two groups of laminates were 
tested; one with a constant inner 0 ° ply thickness of 2 d = 1mm 
and a varying outer 90° ply thickness b between 0.15mm to 1.5mm 
and the other with a constant b of 0.5mm and a varying d between 
0.15 to 1.32mm. Table 4.4.1 gives the mechanical properties of 
the 90°,0°,90° laminates tested.
Transverse cracking of the outer plies in the 90°,0°,90° 
laminates was observed in a similar fashion to the 0°,90°,0° 
laminates. The results of the onset strain for the transverse 
cracking are given in Figure 4.4.1 .
of the 90° ply thickness b and the semi-inner 0 ° ply thickness d
respectively. e° continuously decreased as the outer ply thick- 
t&u
ness increased reaching a value of 0 .2 2 % at an outer ply thickness
of 1.5mm. This is to be compared with a value of about 0.5% for
the transverse cracking strain of both unidirectional and 0°,90°,0°
laminates with comparatively large 90° ply thicknesses. The
cracking strain e° did not appear to reach a constant value, 
t£u
as observed in the 0°,90o ,0° laminates, within the range of the 
geometries investigated. In the laminates with varying inner ply
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thickness, see Figure 4.4.1 , the transverse cracking was
observed at a strain e° independant of d, having a constant
t£u
value of 0.43 ± 0.05%.
The outer plies of the 90°,0°,90o laminates cracked 
independently of each other and cracks produced large discontinuities 
in the -output of the electrical resistance strain gauges; the 
ultimate fracture strains were thus not measured.
TABLE 4.4.1. Mechanical Properties of 90°, 0°, 90°
Cross Ply Laminates
Outer Ply 
Thickness 
mm
Semi-Inner 
Ply thickness 
mm
Initial
Young’s Modulus 
GNm
Transverse 
Cracking Strain 
%
0.5 0.15 19.1 0.49
0.5 0.25 29 0.40
0.5 0.5 27.3 0.42
0.5 0.125 34.5 0.43
0.5 0.132 34.2 0.46
0.15 0.5 33.6 0.52
0.25 0.5 33.1 0.59
1 . 0 0.5 23.2 0.28
1.5 0.5 2 2 . 8 0 . 2 1
-124-
0.8
i....r i i i
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0.2_ _ d = Q5mm.
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05 1.0, 1.5 2.0 2.5
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Semi-inner 0° Ply Thickness, d(mm)
Figure 4.4.1. T r a n s v e r s e  cra cking strain  of 9 0 o ,0°,90° 
cross ply laminates as a functio n of outer 90° ply 
thickness,b, for d=0.5mm, and s em i- inner 0° ply t h i c k ­
ness,d, for b=0.5mm.
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4.5 TENSILE TESTS - CYCLIC LOADING
Tensile tests on the unidirectional and cross ply glass fibre 
epoxy laminates revealed a deviation from linearity occurring in 
the stress-strain curves of both materials at a strain of about
i
0.3%. This was associated with a simultaneous whitening effect
in the cross ply laminates. Further information on these phenomena
was obtained by conducting repeated loading accompanied by
annealing tests to strain limits between 0.3% to on 0°,90°,0°
.t&u
cross ply laminates. The laminates used had two different 90° ply 
thicknesses; 0.25mm and 2mm, where the thin laminate was suitable 
for the study of the whitening effect as the transverse cracking 
was delayed whilst the thick laminate offered a more pronounced 
deviation from linearity in the stress-strain curve.
Figure 4.5.1 shows a set of results obtained for the material 
with 2d = 2mm. It was noted that the whitening effect was partially 
reversible with unloading and could be completely removed by annealing 
the material at about 100°C for a few minutes. The initial Young’s 
modulus was slightly decreased with the successive loading-unloading 
cycles together with less nonlinearity observed in the curve. After 
three cycles, the material behaved almost perfectly linear with 
the loading and unloading curves being overiaped. The composite 
was then annealed and again loaded to the same maximum strain.
The annealed specimen behaved in a fashion similar to the as-new 
laminate, showing the whitening effect and the nonlinearity in the 
curve in the first loading cycle at a strain previously observed.
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Increasing the strain, after the composite had been loaded for 
three or four cycles, to a value above the maximum strain, resulted 
in a further whitening and nonlinear behaviour occurring in the 
material; these commencing at the previous maximum strain limit.
The whitening effect and its behaviour upon cyclic loading 
and annealing were clearer in the laminate with a thin 90° ply. 
This laminate cracked in a controlled mode at^l% and hence a 
large range of strain, from 0.3%where the whitening was first 
observed to 1% was available, for the crack initiation studies.
No modulus change was observed in this laminate due to the 
negligible contribution of the 90° ply to the overall modulus.
Optical microscopic studies for the signs of failure 
initiation were conducted on the tested laminates and the results 
are discussed in section 4.9. The acoustic emission technique 
could not be used as a reliable means for the initial failure 
detection as explained earlier.
-127-
100
I
i
Iii
i
Specimen
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Strain (%)
Figure  4.5.1. Str ess - strain curves ob t a i n e d  from 
re pea ted load - un load testing of a 0 ° , 9 0 o ,0° lam in ate 
wi t h  a 90° ply s e m i - t h i c k n e s s  of 1mm.
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i4.6 FRACTURE TOUGHNESS TE ST S
The effective fracture surface energy yt of the uni- 
directional lamina for a crack propagation parallel to the fibres 
was measured by both bending of notched bars and tensile testing 
of doubled edge notched specimens.
The fracture surface energy of initiation y ^ and the work 
of fracture y ^ values obtained from the bending tests and the 
values of y ^ resulted from the tensile tests are plotted in Figure
4.6.1 as a function of the relative crack size. The values of y , .
1 ti
obtained from both tests are found to be identical and are almost
independent of the crack size over the range of the crack size
. . -2
used, giving a value of y . = 120 ± 30 Jffl . This indicates the
applicability of the linear elastic fracture mechanics(LEFM)to 
the material. The experimental results are also shown in Figure
4.6.2 in terms of the gross sectional fracture stress, together
with the calculated values using equations (3.7.1) and (3.7.2)
-2
for a value of y ^ = 1 2 0  J177 ; the close fit between the experi­
mental and the calculated values is noticeable.
The y values are generally higher than the y ^ values 
and decrease fairly rapidly, approaching y ^ values, as the notch 
depth increases. This variation in the y ^ with the crack size 
was found to be associated with a change in the crack growth mode. 
Figure 4.6.3 demonstrates a typical load deflection curve obtained 
for the bending tests. The crack propagation was initially
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catastrophic followed by a controlled growth with the velocity
decreasing as the crack propagated further. The extent of the
catastrophic crack growth was found to decrease with increasing
the crack size. Figure 4.6.4 displays a set of the load deflection
curves for specimens with different notch depths. For shallow
notches the crack propagation was almost instantaneous. As the
notch depth increased the controlled crack growth became more
dominant until for the very deep notches the propagation was
largely controlled. For the totally controlled crack initiation
and propagation the fracture surface energies for initiation and
propagation are similar and thus yt£ approaches Yt£« The •
effective fracture surface energy for the material was thus
-2
considered to be 120 ± 30 JW
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Fi gure 4.6.1. Va lue s of the w o r k  of f r a c t u r e ,y tf (A )
and fr act ure surfac e energy of initiation, ob t a i n e d
fro m be nding t e s t s , ( e ) , a n d  from tensile tests, ( o ) ,  of 
transvers e u n i d i r e c t i o n a l  glass f i b r e / e p o x y  c o m p osi te s  
as a funct i o n  of r e l a t i v e  crack size. ( Vf=0.55)
•  Bending Test o =80
o Tensile Test o = _L _  
f  BW
b 20
CO
0.6
Relative Crack Size .
F i gure  4.6.2. T he gross se ctiona l a p p l i e d  stress as a 
function of re la tive cra ck size for glass f i b r e / e p o x y  
tr an sverse u n i d i r e c t i o n a l  comp os ites , ( V f = 0.55) .
The solid lines are the c a l c u l a t e d  v a l u e s  for a v a l u e  
of y t£ = 1 2 0  Jm-*2 #
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Deflection (mm)
Fig ure 4.6.3. Ty pica l load - d e f l e c t i o n  curve o b t a i n e d  
for work of f r a cture  specimens, show ing the q u a s i ­
c o n t ro ll ed m a n n e r  of crack propag at ion.
0.02
5 2 0 0
Deflection (mm)
Fi gu r e  4.6.4. Set of load - d e f l e c t i o n  curves for 
specimens w ith d i f f er en t notch  depths , s h owing that 
the c o n t rolled  crack growth b ecomes do minant  at large 
notch sizes .
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4.7 ASSESSMENT OF THE RESIDUAL THERMAL STRAINS
The thermally generated strains in the 0°, 90°, 0° and 90°, 0°,
90° cross ply laminates were determined using a, two ply 0 °, 90°
composite as described in section 3.9. The 0°, 90° composite with a
ply thickness (semi-laminate thickness) of 0.23mm bent, taking a
radius of the curvature of 265mm, when cooled from the curing
til
temperature to the room temperature. The values of e , the thermal 
strain in the 90° ply in the longitudinal direction, and the ,
A/ U
the strain in the 0 ° ply in the transverse direction, were thus 
calculated from equations 3.9.8 and 3.9.10 for the range of the
- 2
geometry used m  cross ply composites; the values of E = 4 2  GNff?
£
-2
and E^ = 14 GNfn were known from the tensile testing of the uni­
directional laminae. These strains are given in Tables 4.7.1 for 
both 0 °, 90°, 0° and 90°, 0°, 90° laminates respectively.
TABLE 4.7.1
Thermal Strains in Glass Fibre-Epoxy Cross Ply Laminates
d
mm
b
mm
0°,90° ,0 ° VO o o o o ,90°
et h %
at
rth%
ta
eth%
It
eth%
ta
0.15 0.25 0.080 0.104 0.104 0.080
0.15 0.5 0.059 0.113 0.113 0.059
0.15 1 . 0 0.038 0.119 0.119 0.038
0.15 1.5 0.029 0.129 0.129 0.029
0.5 0.15 0.113 0.059 0.059 0.113
0.5 0.25 0.107 0.075 0.075 0.107
0.5 0.5 0.094 0.094 0.094 0.094
0.5 1 . 0 0.075 0.107 0.107 0.075
0.5 1.5 0.062 0 . 1 1 2 0 . 1 1 2 0.062
0.25 0.5 0.075 0.107 0.107 0.075
1 . 0 0.5 0.107 0.075 0.075 0.107
1.5 0.5 0 . 1 1 2 0.062 0.062 0 . 1 1 2
2 . 0 0.5 0.115 0.053 0.053 0.115
It is seen that the thermally induced strains in the glass 
fibre/epoxy cross ply composites are quite small and increase as the 
ply thickness decreases. Comparison between these strains and the 
transverse failure strain of the unidirectional lamina of 0.5% 
reveals that the residual thermal strains are too small to cause the 
transverse cracking of the 90° ply or the longitudinal splitting of 
the 0° plies on their own account. Nevertheless, these strains are 
additive to the applied or the Poisson generated strains and hence 
accelerate the cracking phenomena.
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4.8 OPTICAL AND SCANNING ELECTRON MICROSCOPY
The scanning electron microscopic examinations were 
conducted on the fractured surface of the transverse unidirectional ' 
composites and pictures obtained are shown in Figure 4.8.1. The 
clean fibre surface observed in the polyester composites indicates 
that fibres have been extensively debonded from the matrix.
Debonding is also found in the epoxy composites but to a far 
lower extent. The optical microscopic studies of these materials, 
pictures shown in Figure 4.8.2, also revealed large debonding cracks 
at the area near the specimen fractured edge. The amount of these 
was much greater in the polyester composites than the epoxy composites
The study of the fractured edge also showed that the material had 
not failed in an area where fibre density was highest but rather 
in a region of low Vf along a line of closely packed fibres.
Fibres were almost uniformly distributed at high fibre'volume 
fractions but at low Vf, (vf .< 0.4), fibre clusters and resin rich 
areas were observed in the material structure.
An attempt was made to define the source of transverse failure
in the unidirectional composites by carrying out structural studies
on specimens loaded to strains below e1 but this did not prove
t£u
fruitful.
The optical and scanning electron microscopic examinations 
of transverse cracks in 0°,90o,0° cross ply composites showed that . 
in the laminates with a 90° ply thickness of less than about 2.5mm
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no delamination had occurred at the points where cracks met the 0 ° 
plies, shown in Figure 4.8.3. As the inner 90° ply thickness 
increased to a value of 2.5mm or larger, some limited delamination 
was found on both sides of the cracks together with oblique cracks 
in the form, of an X shown in Figure 4.8.4. No crack diffusion 
into the 0° plies as reported by Garrett and Bailey ( 78 ) for 
glass fibre/polyester cross ply laminates was observed in these 
composites.
. The study of crack initiation in cross ply laminates
tomo . i
subjected to mono^or cyclic tensile tests below revealed no
signs of initial failure in the laminates with thick 90° plies.
These laminates failed catastrophically at a strain of 0.55%.
In the laminate with a thin 90° ply, (2d = 0.25mm), however,
where cracking was constrained, some individual fibre debondings
were observed in the specimens tested to strains above 0.6%. At a
strain just before the visual transverse cracking occurred in this
laminate, tiny cracks only two or three fibre diameters long, were
found. These were linearly oriented and appeared to have formed
by joining up of debonding cracks in the adjacent fibres. The
photomicrograph in Figure 4.8.5 shows the individual debondings
and the microscopic cracks. The transverse crack initiation by
a debonding mechanism was later confirmed in the tensile test
under SEM work which is discussed in section 4.9.
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(a )  X250
X2 50 
(b)
.Figure 4.8.1. Photomicrographs of the fractured 
surface of (a) glass fibre/polyester , and (b) 
glass fibre/epoxy transverse unidirectional composite, 
showing extensive fibre debonding in the glass fibre/ 
polyester system.
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X 2 0 0
( a )
Load Axis ---
X 3 2 5
(b)
Figure 4.8.2. Photomicrographs of the fractured edge 
of a (a) glass fibre/ polyester , and (b) glass fibre/ 
epoxy transverse unidirectional composite, showing the 
debonding cracks in the polyester composite.
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X  25
Figure 4.8. A. Transverse, crack 
in a specimen with 90° ply semi­
thickness of 2mm, showing a 
limiter! amount of delamination 
between'the plies, and ^45° oblique 
cracks.
X100 |*
“O
Figure 4.8.3. Typical nj 
transverse crack in a ^
specimen with 90 ply 
semi_thickness of 0.6mm 
showing no evidence of 
delamination between 
the p 1 i es .
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/o.
Figure 4.8.5. Transverse micro-cracks formed by 
fibre debonding in a 0°,90°,0 glass fibre/epoxy 
laminate with a 90° ply semi-thickness of 'v-O . 125mm.
X750 -
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4.9. A SPECIAL TEST ON CROSS PLY MODEL COMPOSITES
In order to study the micro mechanics of transverse ply 
failure, a glass f i b r e ^ ^ ^  0°, 90°, 0° model specimen in the constraint 
region was tensile tested while being examined under scanning electron 
microscope, as described in section 3.11. This simultaneous loading 
and structural studies eliminated the problem of cracks closing up 
after load had been removed and provided a direct examination of the 
failure as it occurred.
First, an area of the specimen was selected under microscope 
as the reference area(Area A) for subsequent comparisons and photo 
micrographs were taken at zero load at high and low magnifications, 
see Figure 4.9.1 (a), (b) and (c). The composite was then extended 
very slowly and was inspected for the signs of failure at approximately 
0.05% strain intervals. Figures 3.9.2 to 3.9.7 show the sequence of 
damage that occurred during the extension of laminate up to 0.7% strain. 
The first signs of a structural change were observed at a strain of 
about 0.1% when a brightening effect was revealed at some fibre 
boundaries, see Figure 4.9.2 (a) and (b). This is believed to be due 
to the fibre-matrix debonding and the subsequent breaking of the coating 
layer. This brightening effect at the fibre boundaries intensified 
and multiplied in number, as load was increased, until the actual 
gaps between fibres and matrix began to show up at about 0.3% strain 
(Figure 4.9.3). It is interesting to note that fibre debonds do 
not mainly occur at the interfaces perpendicular to the loading axis or 
at the points where fibres are virtually touching, but rather they 
form at an angle to the applied load and normally at the boundaries 
that surround a block of resin. This is in line with the previous works 
of for example Owen and Duke (9, 130) and Broutman (131), who accounted
the thermal stresses induced during fabrication responsible for this 
effect. The confined block of resin shrinks away from fibres, thus 
generating an additional tensile stress at the interface. Figure
4.9.3 (d) also shows some fibre fractures, both transverse and 
longitudinal, at 0.3% strain. Less fibre fractures were found to 
occur in the more finely polished specimens, suggesting that this 
effect was possibly associated with the damage induced during 
the specimen preparation and was thus confined to the composite cut 
surface. At a strain of ^ 0.4%, see figure 4.9.4 in a part of 
specimen (area B) some of the individual fibre debonds were found to 
have linked up to form tiny micro-cracks each of only two fibres 
long - three pairs of these micro-cracks can be seen in area B.
Upon increasing the applied load, fibre debonds opened up considerably, 
See Figure 4.9.5, until at a strain of about 0.6%, further coalescence 
of the micro-cracks occurred in area B, this resulting in a larger 
crack to be formed (Figure 4.9.6). Figure 4.9.7 shows! the extent 
of damage at ^0.75% strain. The specimen was then unloaded and 
was photographed at zero load (Figure 4.9.8). It is interesting 
to note that in the unloaded position, fibre debonds and fibre 
fractures are all closed up and the specimen only shows.slightly 
those larger micro-cracks due to the coalescence of fibre.debonds 
plus a small number of fibre fractures. This explains the 
unsuccessful work of the structural studies on the unloaded specimens 
for finding signs of failure initiation.
It should be recalled that this test was carried.out on a 
laminate in the crack.constraint region. In this region, small edge 
crocks appear at the specimen'edges at lower strains and they then 
trigger" large transverse cracks'(section 4.3) . Therefore ’
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the cracking strains recorded in this work do not correspond to 
Gtiu t*ie composite but to.those for the onset of edge cracking.
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Area A
Area a  { c ) X2500
Figure 4.9.1. Photomicrograph showing the cross ply specimen 
prior to loading .
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Figure 4.9 
of MD . 1% , 
boundaries
Area a  (a )  X150
Area A , X 2 5 0 0
.2. Onset of fibre - resin debonding at a strain 
revealed as the brightening effect at some fibre
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Area^ A fa)
Area A ( c ) X2500
Figure 4.9.3. fibre debonds a t  ^ 0.3% srain
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AreaB
Area A  ^ b)
Area B ( c )  X1500
Figure 4.9.4. Specimen at MD.4% strain , showing the onset 
of fibre debonds coalescence to form transverse micro - cracks.
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Area B
Area A
AreaB ^ ) X l 500
Figure 4.9.5. Extent of failure in the transverse ply at 
^ 0.5% strain.
-148-
Area S
Area A (a)
X 1500
Area A (C) X2500
Figure 4.9.6. Specimen at ^ 0.6% strain , showing further 
growth of transverse micro - cracks by the coalescence of 
fibre debonds .
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Figure 4.
Area B
Area B ( X2100
5.7. Transverse micro - cracks at ^ 0.75% strain .
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. >1 «. r \ /V I TJiff
Area BX
/
Area A X150
Figure 4.9.8. Photomicrograph showing the cross ply specimen 
in the unloaded position ;fibre debonds appear to have closed 
up .
CHAPTER 5. DISCUSSION
5.1. INTRODUCTION
The results of the present xrork are discussed in this 
chapter. First, the micro-mechanics of transverse ply failure is 
discussed and Kies’ model has been applied to account for the 
transverse cracking strain of unidirectional composites, see section
5.2. Kies’ model is found to explain well the cracking strain at 
high V^, but at low the model does not apply due to the non- 
uniform fibre distribution. Transverse cracks in these composites 
are found to initiate by a fibre-matrix debonding process; crack 
prop agation then occurs by the coalescence of individual fibre 
debonds.
When the transverse ply is sandwiched between two longitudinal 
plies, i.e. 0°, 90°, 0° cross ply laminate, multiple cracking occurs 
in the 90° ply upon loading the laminate under tension. The systematic 
cracking of the 90° ply observed in the laminates with thick transverse 
plies is found to be explained well by the theory of transverse 
multiple cracking (section 5.3.1). Cracking is constrained in the 
thin laminates. This cracking constraint is accounted for by using 
an energy based model (section 5.3.2.). This model also takes into 
account the thermal strains induced during fabrication (section 5.3.3).
The effect of the 90°, 0°, 90° stacking order on the 
transverse cracking behaviour is also discussed briefly (section 5.4). 
Similar constraint theory can account for the cracking strain of 
these laminates.
The longitudinal splitting observed in some of the 
0°, 90°, 0° cross ply laminates prior to the composite fracture is
considered to be due to the JPo is son effect (section 5.5). The 
longitudinal splitting is also thickness dependent and can be 
suppressed at small 0° ply thicknesses. This splitting constraint is 
also explained by an energy argument similar to that for transverse 
cracking (section 5.6).
Finally, in section 5.7. the scientific and technological 
implications of the constrained cracking phenomenon are considered 
and a model for the construction of crack-safe laminates is suggested.
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5.2 TRANSVERSE PLY FAILURE MECHANISM
In a unidirectional composite the fibres produce a large increase
in stiffness in the longitudinal direction, a much smaller increase in
the transverse direction and greatly reduced transverse ductility. When
such a composite is strained in the transverse direction, the stiffness
mismatch between the fibres and the matrix results in high local strain,
and hence stress, concentrations being developed in the matrix. The
magnitudes of these strain and stress concentrations have been calculated
using both simple or rigorous models (section 2.2.4) and are shown to
E
increase as the inter-fibre spacing or the stiffness ratio ——  become
Ef
smaller. In order to accommodate these local stresses, the matrix may 
flow if it is ductile or crack if it is relatively brittle or, 
alternatively, the fibre matrix interface, may fail. Whatever the means 
of the stress relief, the stress-strain curve will be non-linear 
Therefore, the fibre volume fraction, the matrix failure strain, the 
stiffnesses of the constituents, and the fibre-matrix bond strength 
have a significant influence on the mechanical properties and on the 
transverse failure mechanisms. In real composites, fabrication faults 
such as nonuniform fibre distribution, voids and partly wetted fibres 
inevitably arise in the material structure and form areas more succeptible 
to local failures than the rest of the composite, so that upon loading 
the laminate, microfailures, i.e., fibre debonding or matrix cracking, 
develop gradually and progressively in the material, reducing its 
stiffness and strength. These mtcrocracks have been observed to form 
at very low strains UO.1%) and do not necessarily lead to immediate 
catastrophic failure, but multiply in number until conditions favour
micro-crack, coalescence and propagation.
• In the unidirectional glass fibre reinforced polyester and 
epoxy laminae studied, the initial transverse Young's modulus, E^ _, 
measured during a tensile test was found to increase with as would 
be expected. In figure 5.2.1 the experimental values of are 
compared with some of the current theoretical analyses. It is seen 
that the simple rule of mixtures (Reuss bound) considerably under­
estimates the values of E^ particularly at large where the local 
stress fields might be expected to exert greater influence. The more 
rigorous models proposed by Halpin and Tsai and Hashin and Rosen (upper 
bound) fit the results quite well.
If fibres were regularly arranged in a square array in these 
composites and if they were strongly bonded to the resin, then the 
magnitudes of Kies1 strain magnification factor (SMF) which would 
develop in the matrix would be those given in table 5.2.1. Clearly the 
SMF values generated in both composite systems are almost identical as 
the resins are similarly stiff.
TABLE 5. 2.1. Values of Kies1 Strain Magnification Factor for
the unidirectional laminae
Fibre volume 
Fraction A_
rf
Strain Magnification Factor
glass fibre£olyester. glass fibre^poxy -
0.05 5.92 1.31 1.31
0.10 3.60 1.51 1.46
0.15 2.57 1.70 1.69
0.20 1.96 1.93 1.90
0.25 1.54 2.17 2.13
0.30 1.23 2.44 2.39
0.35 0.99 ' 2.76 2.69
0.40 0.80 3.14 3.04
0.45 0.64 3.60 3.47
0.50 0.50 4.22 4.03
0.55 0.38 5.04 4.76
0.60 0.23 6.16 5.70
0.70 0.12
i
10 8.83
The composite would then fail when the local matrix strain
reached the resin failure strain £ . i.e.:
mu
€ - £*DUt£u “ SMF # # # (5.2.1)
Values of e  are calculated from equation 5.2.1 and compared 
titu
with the experimental results in figure 5.2.2. The theoretical 
cracking strains are greater for the polyester composites reflecting 
the higher resin extendability. The glass fibre/^^^ composites are 
generally found to fit the Kies1 model better particularly at high
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and it is to be noted that the polyester composites, at low V_^ , all 
fail at a low strain which is almost independant of V^. These 
observations might have been anticipated since Kies1 model is applicable 
only when the fibres are uniformly distributed and the interface bond 
is strong. Structural studies carried out on the specimens revealed 
that at h'igh V_^ , fibres are distributed quite uniformly on a large 
scale but local irregularities exist on a micro-scale. At low V^, the
long range homogenei ’ty was considerably disturbed especially in the 
polyester composites where the resin viscosity was high, this caused
fibre clustering and consequently resin rich areas. It is also
observed that failure in these composites initiates by a fibre debonding
mechanism and that fibre debonding is more severe in the polyester
composites reflecting the inferior interface bond strength. The good
fit obtained at large values possibly suggests that the micro-scale
randomness has only a small effect on the average stress concentrations
as proposed in the Sendekyj's theoretical model ( 86 ) . The
application of Kies1 theory at low is complicated due to the fibre
clustering. In low composites, it was observed that cracking
occurred more often in the less homogeneous regions. It is considered
that the stress field in such cross sections is more severe than that
in sections of similar V_ but uniform fibre distribtuion. The fibre
f
volume fraction in the clustered zone might be about 0.6 i The local
-2stiffness of these areas will be  ^ 15 MNm in comparison with a
-2value of „ 3.5 MNm for the resin rich areas. Hence, m  a cross 
section consisting of 50% fibre clustered zones and 50% resin rich 
areas, about 80% of the applied stress will be carried by the clustered 
zones which are also more brittle. The material thus fails in these 
areas at a low strain, possibly lower than the failure strain of a high
V_ lamina. The crack initiated in the clustered zone is able to run f
freely through the resin rich areas, leading to a catastrophic failure.
Cross sections of this type always exist in the material at low
and small variation in therefore appears not to have a significant
effect on the value of e .
t£u
The direct observation by SEM of the sequence of the transverse 
ply failure in the course of a tensile test (section 4. 9) has defined 
fibre debonding as the principal mechanism of local stress accommodations 
and subsequent crack nucleation in glass fibre/ cross ply laminates.
This experiment was carried out on a laminate with a thin inner ply 
where cracking was constrained by the stiff outer plies, thus facilitating 
the close study of the crack nucleation and propagation. Fibre debonding 
occurred at strains as low as-*„ *0.1% and was frequently seen at the 
interfaces that formed the boundary of a confined block of resin. The 
explanation lies in the residual thermal stresses that are generated 
during fabrication process due to the thermal incompatibility between 
fibres and resin. The radial component of these stresses, at the 
interface, is compressive for an isolated fibre but becomes tensile 
where a pocket of resin is confined by the fibres and it hence shrinks 
away from them (9-, 131 ), this promoting the fibre-matrix debonding.
Upon increasing the applied load, the fibre debonds increased in number 
and opened up considerably but did not appear to grow into the matrix 
immediately. At a strain of 0.4 - 0.5%, the first signs of coalescence 
of individual debonds was observed by tensile or shear fractures forming 
in the narrow bridges of resin between fibres. These occurred where 
debonded fibres were virtually touching and thus only a thin layer of 
resin had to break. In general these small cracks were not uniformly 
distributed, but tended to form in groups. This suggests that the
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disturbance in the stress field caused by the coalescence of debonds 
encourages further coalescence in the immediate viscinity. Initially, 
few cracks of more than two fibre diameters in length were observed, 
but on further straining they linked up to form longer microcracks, which 
eventually developed into cracks of macroscopic proportions. In an 
unconstrained laminate, i.e. a single unidirectional lamina or a thick 
transverse ply sandwiched between the longitudinal plies, the sequence 
from the coalescence of the first debonds to the final fracture is virtually 
instantaneous, hence the catastrophic fracture at about 0.5% strain. It 
is readily seen in figures 4.8.3 and 4.8.4 that the crack-^path in the 
unconstrained laminates is not direct but occasionally branches or overlaps 
indicating the incremental crack propagation by connection of the discrete 
microcracks. In the constrained laminates, however, the crack propagation 
is not instantaneous, but is controlled by the energy available in the 
system and occurs at higher strains when there is sufficient energy 
available (section 5.3.2). This slow crack propagation at a rising stress 
therefore allows other crack nuclei to form and grow simultaneously.
The whitening effect observed in the glass fibre/ cross3 epoxy
ply laminates at 0.2 - 0.3% strain and the coincident nonlinearity that 
occurs in the stress-strain curve can be explained in terms of fibre 
debonding. When fibre debonds form and open up, the minute interfaces 
formed scatter light to give the whitening effect, the stiffness is also 
reduced by the reductions in the effective cross section area. As 
mentioned earlier, this effect begins at very, low strains but appears 
to become just visible at about 0.3% strain. The resin flow due to the 
local stress concentrations is another reason for the nonlinearity 
observed as the resins used demonstrated a considerable nonlinearity in
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their stress-strain curves. Repeated loading-unloading tests revealed 
that while the nonlinear effect appears only in the first loading cycle 
and the composite re-loads with a reduced stiffness, the whitening effect 
is partially reversible with unloading. The explanation may be that when 
the load is removed, fibre debonds close up as observed in the experiment, 
but re-bonding is not possible at room temperature. Hence, the unloaded 
.composite partly re-gains its transparency but not the stiffness. By 
annealing the laminate, re-bonding.may become possible, leading to the 
recovery of both properties, stiffness and transparancy, something found 
in the experiment.
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Figure 5.2.1. Theoretical and measured variation of the 
transverse Young’s modulus of unidirectional laminae with fibre
volume fraction ; (.:--- ) Reuss estimate , ( — - —  ) Hashin and
Rosen upper and lower bounds , ( ____) Halpin and Tsai estimate .
Exp. Kies'Theory
  Glass-Polyester
 Glass-Epoxy
3
13
co 2
Q
0 0.6 0.80.40.2
Vf
Figure 5.2.2. Comparison between experiment and Kies* theory 
for fracture strain of transverse unidirectional laminae as a 
function of fibre volume fraction .
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5.3. TRANSVERSE MULTIPLE CRACKING IN 0°, 90°, 0°
CROSS PLY LAMINATES
Having established a mechanism for the transverse ply 
failure in section 5.2, the argument can now be applied to the 
transverse ply cracking behaviour in sandwich-laminates. While the 
structural integrity of a unidirectional transverse lamina is lost
when the first crack occurs, a cross ply composite can still carry 
loads due to the presence of the strong longitudinal plies. The 
transverse ply may thus continue to fracture into smaller and smaller 
blocks until a limit is reached when the outer plies can no longer 
carry the load and therefore fracture. The composite ultimate 
properties are dominated by those of the longitudinal plies, but 
cracking in the transverse ply may be critical in determining the 
useful working limit of the material.
The transverse multiple cracking phenomenon in the glass fibre 
epoxy 0°, 90°, 0° laminates was found to be thickness dependent.
In laminates with a transverse ply of >  0.4 mm thickness or less, 
cracks were distinct and almost evenly spaced, each fo.rming 
instantaneously, the first at a strain-of ^ 0.55% and thereafter as the 
strain increased up to the limiting value. This is unconstrained 
cracking. However, as stated in section 5.2, in the thinner laminates, 
cracking was constrained: the onset strain was higher, and the crack 
spacing was less regular due to crack nucleation and propagation 
occuring simultaneously.
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5.3.1 Unconstrained Cracking
In this regime the transverse crack spacing was found
to decrease as the applied stress, a ,, was increased or as the
a
transverse ply thickness, 2d, was decreased; see figure 4,3,4. The
bond between the longitudinal and transverse plies did not appear
to be affected by the cracking except in the case of the thickest
laminates, i.e. 2d £ 'V/ 2.5 mm, where a limited amount of delamination
occurred at strains in excess of Similar cracking behaviour
has been reported by Garratt and Bailey (78 ) using glass fibre
polyester composites. Garratt and Bailey noticed the close analogy
that existed between laminates of this kind and unidirectional
laminae with brittle matrices. They therefore applied the theory of
transverse multiple cracking of Aveston and Kelly (62) to account for
the crack spacing in cross ply laminates. Their theoretical
prediction was found to agree well with the trend of the experimental
results but predicted a smaller crack spacing than that observed.
This discrepancy has been resolved in the present work and the
modified theory (132) appears to account well for the crack spacing
in both glass fibre/ ,  ^ and glass fibre/ cross ply
polyester epoxy
laminates.
The multiple cracking theory for the fully elastic case 
considers a modified shear lag model for the stress redistribution 
after the transverse ply has cracked. This argues that when the 
transverse ply cracks at an applied strain e , the load carried 
by the ply will be thrown onto the outer longitudinal plies which
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will remain unbroken If the, composite geometry satisfies the 
following inequality:
e U u E* > Et L^ + £tLEt4  (5.3.11
D
And therefore
i E 
■ _b > ■ ^ t&u
« u  ‘ e U u )EJ  (5.3.2)
If the value of I> does not fit in the above inequality, 
d
the 0 plies will not withstand the additional load and the whole
composite will fracture in the single cracking mode. In the case
of the laminates examined, the minimum value of b^  is 0.25 which is
d
well above the value of 0.11 obtained for the right hand side term in 
inequality 5.3.2.
The additional stress Ac on the 0° plies has its maximum 
value Aoo at the crack plane and decays exponentially» transfering back 
to the 90° ply through shear stresses at the interface. The stress at 
a distance y from the crack (Figure 5.3.1) , Act, is given by:
Act = Ao q exp (-$^y) .....(5.3.3)
where
$ = Ec.&Gt (b+d).  (5.3.5).
V t  bd2
And the stress a^built up again in the transverse ply
is given by:
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f
= (Aa° ” Aa) «f Aao ^ " ^ P C r ^ y ) ]  — (5.3.51
The 90° ply will crack again *rhen a equals the ply
This exponential load transfer model indicates that the rate of
stress build-up in the transverse ply is initially rapid but then slows down, 
approaching zero, as y approaches infinity. For a laminate with 
b = d = 0.5mm, the actual distance corresponding to half of the load 
transfer is Ml.5mm. Hence, the specimen will not crack again unless 
the applied stress ; and hence is raised up to such an extent that
the stress in the 90° ply reaches the value of e ^ E at the farthest
Ua/U l
end of the laminate from the first crack. If the first crack forms
in the specimen mid-length, the second series of cracks should form
at the specimen ends giving a crack spacing of JL. Similarly, the
2
next groups of cracks would form mid-way between the existing cracks
when Ac is again large enough to produce a stress e „ E in the 
o t&u t
inner ply in between of two cracks. The value of Aa^ required to
form a crack mid-way between two cracks of spacing t is given by ( 78 ) .
at the most severe flaw or defect in the transverse ply - not 
necessarily at the mid-point of the specimen. Further cracks will 
form at the less severe flaws as the load is raised.
By definition Aa is the additional stress on the 
o.
longitudinal plies at y=0 which would have been on the transverse
E d_ [1 + exp (-$2t) - 2exp (-$^t)] ^ ...(3.3.6)
2
In a real laminate, however, the first crack will form
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ply if there had been no cracks, and therefore it can be related to 
the applied stress a by the following general equation:
Act = o (b+d) - E. °a  (5.3.7)o a — —  S, _  ■
b c*
cr . .
Where _a indicates the strain in the composite in the
c % • . i
absence of any cracks. For the first crack, o is equal to e „ E , 
J a u t&u cl
and therefore Ao q for this case will be given by;
ACT0 = £tlu E c f c a  - V t t u  = etiu Et £   (5-3 -8)
b b
The above simplification is obtained by considering
that:
E = E„ b + E d .....(5.3.9)
C * (b+d) t (b+d)
The discrepancy observed between the theory and
experiment by Garratt and Bailey arises from their use of equations
(5.3.8) to relate AOq to o^ at composite strains greater than
zjl . Their values of Ao have been re-calculated using the 
t£u o
correct equation (5.3.7) and are found to fit the theory well 
(Figure 5.3.2). The agreement is equally good for the glassfibre/^^^ 
composites examined here; examples of this are shown in figure
5.3.3 and 5.3.4 where the crack spacings as a function of a andci
Acr are shown for two 90° ply thicknesses of 1.2mm and 4 mm. All °
the parameters required in these calculations are measured
experimentally except the transverse shear modulus, G^, where a
- 2
theoretical value of 5.12 GNffl has been deduced from H a / p m  and Tsar
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equations given in section 2,2,2 For 5 = 1 ,  The stepped curyes
in these figures indicate the' theoretical spacings for the particular
specimen lengths used when the first crack has occurred in the middle
of the specimen. The continuous upper and lower curves, however,
provide a range for the crack spacing for an arbitrary specimen
length and first crack position. Exceptional behaviour was observed
for the laminate with 2d = 4mm shown in figure 5.3.4; it appears that
-2
at an applied stress of about 130 MNM there is a sudden increase 
in the rate of variation of t with aa . This is believed to be due to 
the onset of delamination and will be discussed later in this 
section.
The load transfer between 0° and 90° Plies takes place by 
the shear stress, ij., acting at the interface, where:
dgtft  (5.3.10)
dy d
Equations (5.3.5) and (5.3.10) give: 
l i
t . = bAa $2exp (-$2y)  (5.3.11)
1 o
The maximum shear stress occurs at the crack tips and its
value is therefore obtained from:
1
t = bAa $ 2 .....(5.3.12)
max o
when t exceeds the interface shear strength t , the 
max u
plies will delaminate and the delamination will propagate along
the laminate until the yalue of t falls below t^. The length of
the delaminated interface y T, would therefore be a function of tJ 9 max
as well as the rate of load transfer i.e. the parameter $, Cleafly,
the. larget the x • and the slower the load transfer (smaller $1, 
max
the longer the delamination crack, Values of $ ,Aa and x for the
o max
first crack have been calculated from equation (.5,3,4)., (5,3.81
and (5,3.11). respectively, for tire composites tested and are
shown in table 5.3,1, Some of the constrained laminates are also
included in this table for comparison. In these composites the
outer ply thickness b is constant and thus the parameter is a function
of d alone and increases fairly rapidly as d becomes smaller, but Ao q
depends on both and d. For the unconstrained laminates where
£ * is constant, Ao decreases with d, but as d falls below the 
t£u o
critical value of 'r 0.4mm the laminate becomes constrained and 
cracks at higher values of e ^ and therefore Aa rises again,. The
UJOU O
variation of x with d appears to be analogous to that of Aa , x
max ° o max
being larger at the exterimities ■ of the range of d. This means that 
two groups of'laminates favour delamination, those with very thin and 
very thick inner plies but the length of the delaminating crack could 
be so small in the thin laminates, due to a very fast initial load 
transfer (large .$) , that the effect may not be detectable. None of the 
laminates tested appeared to delaminate at the first crack indicating 
that the effective interface shear strength must be greater that the 
largest value of Tmax given in table 5.3.1. At strains greater than 
» however, some delamination occurred in the laminates with
tJtu
2d £ 2.5 mm. In a partly delaminated composite, the load transfer
takes place by the sliding friction x f, at the interface over the 
debonded length y* (if x ’ $ o). and by the shear stresses x^ 
thereafter. Thus, a is now given by;
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I
TABLE 5.3.1. Calculated Values of Aoo, $•, and t for 
— —  -------------- ------- -— 1—  ------ max— —
the first crack in 0°, 90°, 0° Cross Ply 
Laminates.
b = 0.5mm
d
mm
i
e
t£u
%
A ct
0
MNm"2
1
$-l
m
T
max
MNm"2
0.125 1.0 35 4.99 x 10~3 87.3
0.25 0.55 38.5 2.45 x 10“3 47.2
0.5 0.55 77 1.39 x 10“3 53.6
1.0 0.55 154 0.756xlo"3 58.2
1.5 0.55 231 0.569xlo"3 65.7
2.0 0.55 308 0.46 x 10 3 70.9
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Comparison of the aboye equation with equation C5.3.5),. for 
a fully bonded composite indicates a faster stress build-up in the 
transverse ply in the partly delaminated laminate and hence a 
shorter crack spacing. This argument is in agreement with the 
experimental observation in the laminate with 2d= 4mm at higher applied 
stresses where delamination occurs.
When the inner ply cracks, the outer plies (hence the composite) 
extend additionally due to the extra load Aa. For a crack spacing t 
the mean additional strain per unit length, Ae, is
Ae = 2 Act dy .... (5.3.14)
' 0 E*
or
i
Ae = 2Aao [1-exp (-<f>51) ] .... (5.3.15)
O'ji't 2%•
Hence the stress-strain curve of the composite will be linear 
up to the cracking strain et£U (if the plies behave linearly elastic) 
and stepped with, an increasingly falling slope thereafter: each 
step being associated with the formation of a new series of cracks. In 
Figure 5.3.5 the theoretically derived and the experimentally observed 
stress-strain curves of a laminate with 2d = 1,2mm are shown. Similarly 
the stepped curve indicates the theory when the first crack forms in the 
middle of a specimen for the particular length used and the upper and 
lower curves show the limits of the range of the stress.—  strain curves 
for arbitrary specimen length and first crack position. It is to be
noted that the experimental pre-cracking curve is not a straight line, 
as predicted by the theory, but deviates from linearity at about 
0,3% strain when a visual whitening effect is also observed. This 
result is common to all the laminates tested and is thought to be 
mainly due to the occurance of fibre-matrix debonding as discussed in 
section 5,1,
The composite properties such as the Young’s modulus,
and the strength, ct , have been evaluated using a rule of mixtures
approach. The initial Young’s modulus is thus given by equation 5.3.9.
As the inner ply cracks, the modulus becomes smaller, tending to E£ b_
b+d
at the limit of transverse cracking. The laminate finally fractures when 
the strain reaches the outer ply failure strain At this point
the inner ply is fully cracked and its contribution to the stiffness 
and strength is negligible, cr is thus given by:
acu eU u E£ = aU u  v t j   (5.3.16)
b+d b+d
Values of E and crcu have been calculated from equations 
(5.3.9) and (5.3.16) and compared with the experimental values in 
table 5.3.2. The agreement is shown to be good.
Steven and Lupton (125), using an arbitrary assumption 
concerning the transfer of load when cracking occurs, have deduced 
a linear relationship between the number of cracks and the reciprocal 
of the applied stress in a 0°, 90°, 0° cross ply laminate. The 
theory of transyerse multiple cracking presented here can be shown to allow 
for such a relationship over a limited range of crack spacing. This 
is shown in figure 5,3,9 where the theoretical plot of the number of
TABLE 5.3.2. A Comparison of Theoretical and Experimental Values
for the Low Strain Young’s Modulus and Fracture Stress 
of 0°, 90°, 0° Cross Ply Laminates.
d
mm
b
mm
Young's Modulus Er 
-2
GNm
Theory Experiment
Fracture Stress a
-2 UCMNm
Theory Experiment
0.125 0.5 36.4 35.4 707 675
0.25 0.5 32.4 29 648 469
0.5 0.5 28.0 27.3 460 475
1.0 0.5 22.0 19.0 286 233
1.325 0.5 21.7 21.6 252 247
2.0 0.5 19.6 17.4 184 162
0.5 0.25 22.8 21.6 307 316
0.5 0.5 28.0 27.3 460 475
0.5 . 1.0 32.7 32.70 613 646
0.5 1.8 35 41.6 690 720
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cracks against the applied stress is illustrated, together with the 
experimental results for the laminate with 2d = 1,2 mm,
5,3,2 Transverse Cracking Constraint in 0°, 90°, 0°
CrosS Ply Laminates
The theory of transverse multiple cracking for
unidirectional laminae (61,62) predicts a cracking constraint effect
occuring as the dimension of the cracking phase (i.e. fibre diameter
or inter-fibre spacing according to which phase cracks) is reduced.
Under this condition the crack opening is restrained by the non-cracking
phase and thus.a greater energy is required for the crack to propagate;
hence an enhancment in the onset cracking strain. There are a
few experimental results that support this view: for example in
unidirectional steel wire, laminates (68); carbon fibre, . and
/epoxy /cement
steel w^re/cement (64) and glass ^ ^ re/pXaster comPos^tes (67)*
In the case of sandwiched laminates, Garratt and Bailey 
investigated the transverse multiple cracking in glass fibre/epOXy 
0°, 90°, 0° laminates but their study did not proceed as far as 
the constrained cracking. In the work presented here the thickness 
of the transverse ply was reduced to very small values and the 
constraining effect was indeed observed to occur at the ply thicknesses 
of less than about 0,4mm. The cracking strain increased and
the rate of the crack propagation decreased rapidly on decreasing 
transverse ply thickness 2d, J?0° unidirectional composites with, 
two.different thicknesses of 2mm and 0.25mm were tensile tested in
-174-
order to ensure that the observed behaviour was not due to a, size 
effect on the fracture strain of the 90° ply. These specimens 
failed at a similar strain of about 0.5%,
Using a simple energy balance approach, Aveston and Kelly 
(6ll treated the cracking constraint in unidirectional laminae for 
the fully elastic case. When the interface remains bonded during 
the formation of cracks, energy is absorbed to increase the stored 
elastic energy of the body and to create the crack faces. Aveston 
and Kelly ignored the thermal and poisson effects and considered a 
constant load condition. Under these conditions the work done by 
the applied stress during the formation of crack, AW, is twice the 
increase in the stored elastic energy of the body, AU, and 
therefore only AW needs to be calculated.
In the cross ply laminates investigated, no delamination 
between the plies was observed at small 90° ply thicknesses, i.e. 
where the constraining effect was operative, and thus upon making 
the same assumptions as Aveston and Kelly, their calculations can 
be modified to account for the crack suppression. This approach 
argues that when the 90° ply cracks it relaxes over a distance on 
both sides of the crack and the 0° plies (hence the composite) 
extend further under the additional loads thrown onto them by 
transfer from the 90° ply. The extension of the 0° plies is given by
i*/') i
A£' = 2 / Aao exp(r<j>2y) dy ..... (5,3.17)
% o — p—
h
substituting for A a - e J" Et d in equation (5.3.17) and integrating
0 l X'U t *
b
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gives:
an; = 2e«u Etd [l-exp(-4>5I<yo)J  C5.3,18)_
* bl^F!
For a typical laminate with h ~ 0.5 mm, d = 1.0 mm and
i
L = 180 mm, the magnitude of the term exp is approximately
-30 . . .
10 which is negligible in comparison with unity, This term can
thus be neglected in equation (5.3.18). Thus under constant load 
conditions the specimen does work AW during the formation of a 
crack and its value is given by:
AW = A£ . aa . 2(b+d)C  .(5.3.19)
X/
where o ;is the applied stress at the cracking strain e J .Using
Si uX/U.
an energy balance criterion, the crack cannot form unless the following 
inequality is satisfied:
AW-AU * 4y d.C .....(5.3.20)
where AU is the total increase in the stored elastic energy of the 
body due to the formation of crack and y is the fracture surface 
energy per unit area of the cracked ply. It is clear from figure 
5.3.7 that:
AW -= 2AU ....,(5.3,21)
substituting equations (5.3.21), (5.3.19) and in
equation (5,3.20), and rearranging for gives:
-176-
)2 i r2y t b E * * ¥   (5.3.22)
i w s v r ;
the miniiniim value of at which cracking is energetically possible
is thus given by:
e j  (min) - d W M  .... C5‘3 -23)
(b.d)EtE ^
values of e ^ (min) have been calculated for laminates with various 
t&u
90° ply thickness, 2d and also those with varying 0° ply thicknesses, 
b, these are shown in figures 5.3.8 and 5.3.9 respectively, together 
with the experimental results.
In figure 5.3.8, the theoretical curve is for the constraint 
model proposed above and considers the crack propagation on an energy 
basis. It is seen that the experimental results show reasonable 
agreement with the theory in the region where the 90° ply thickness 
is below ^ 0.4ram, indicating an energy controlled crack propagation.
The thicker laminates, however, all fail at about 0.55% strain; 
this value is close to the fracture strain of 0.5% observed in an 
unconstrained 90° lamina. Clearly the model does not apply in this 
region and cracking is considered to be controlled by the mechanism 
of the transverse ply failure discussed in section 5.2.
The constrained cracking theory also suggests that 
e ^ (min). is dependent to a small extent on the 0° ply thickness
L/vU
b, see figure 5,3._9-, unless b is very small with respect to d.- For 
example, in a, typical laminate with d — 0,5 mm, this dependency 
becomes significant for values of b below 'v 0,05 mm. This thickness 
is obviously two small to be achieved in practice and the experimental
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results ate shown, to be almost inyajc^ant with h for the range of 
b examined,
✓ •
The energetics model proposed here does not account for transverse
crack nucleation at the specimen free edges, i,e, "edge cracking",
something observed in these laminates in the constraint region. The
free edge effects in laminated composites have been extensively-
discussed in literature and it is well established that large tensile
stresses normal to the plane of laminate z-direction) and
shear stresses parallel to the fibre direction in the 90° ply occur near
the laminate free edges (111-123) . However, it is clear that these
stresses can not cause transverse edge cracks but only delamination of
the plies at the edges. The transverse edge cracks observed here
may well be due to a less constraint of the inner ply near the
specimen free edges. Once these cracks have formed at the edge, they
can then propogate into the material on increasing the applied
load to form large transverse cracks. In the calculations presented so
far, the thermal and poisson effects have been ignored. Thermal
strains are induced during the curing and cooling process due to
the thermal incompatibility between the 0° and the 90° plies
(section 3.9). These strains are tensile along the fibre direction
and compressive in the direction perpendicular to the fibres. The
Poisson strains are analogous to the thermal strains and are generated
in the plies in the transverse direction to the loading axis as a
result of the differing contractions of the Plies CSection 5.5).• The
thermal strains are small in glass fibrey q composites as shown in
Table 4,7.1 but can be significant in some other systems where there
is a larger mismatch, between the coefficients of thermal expansions
and the moduli' of the plies, e.g, carbon fibre/ composites. For
r epoxy r
a general application, therefore, the constraint theory mus.t^be. 
reframed to take these strains into account, The modification for 
the thermal effect is attempted in section 5,3, but the. consideration 
of the Poisson effect is more complex and has not been fully resolved,
5.3,3 Modification of the Constrained Cracking Theory for the
Thermal Effect
Upon including the internal thermal strains in the 
constraint theory, the simple criterion of AW = 2AU no longer holds 
and the various energy terms must therefore be calculated.
At the applied cracking strain t ^ , the actual strains
in the 0° and 90° plies are + and (et£u + respectively.
tfu
where ej^ is the longitudinal thermal strain in 0° ply and is negative
and e is that in the 90 ply and is positive. After the composite
tX *
cracks, these strains at a distance y from the crack are:
• • • • • C5.3.24)
(5.3.25)
where
th th dE 
e„ 0 «
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The composite extension under the additional loads is now giyen by:
„ , i thN
„ * e.AdEAZ -= t£u tZ t [l~exp(-(f)2L)J ,,,., (5,3.26).
Z  i 2
bV 2
And the work done by the applied stress cf — etJu is
AW = 4d(b+d) c E tKctfat^  * eg).e^u [1-exp
bV *
 (5.3.27)
i
Where exp (rfy*hf is neglibible. The increase in the stored elastic 
energy of the body AU is given by:
AU = AU.. + AU _ + AU  (5.3.28)
ZZ tZ ts
Where AU is the increase in stored elastic energy of the 0° plies
X/X/
due to the additional leads, A U ^  is that in the transverse ply and 
is negative as the ply has relaxed and AU is the energy gained due
wS
to the shear stress built-up in the transverse ply. The values of 
these energy changes have been calculated in Appendix 1 and are 
presented in the following equations:
ATT cd2E^ ; / i , ths2 4cdE f i th dE .
AUU  =  t&u * et P  + ---- £. CeU u  “ tZ - £ >
. bE^ 2 ^  bE^
^ t i L + e «>-  C5'3 -29)
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att _ ~3cdE. r i th. 2 f .
AU«  ~  r-i k ttu V  .... (5,3.30).
f*
= cd(b+a>EtE ^ CeJu + c^ ) 2....... ....
ts -----------------------------
hV *
Using equations (5.3.29), to (5.3.32), and E — E _b_ + E. _d gives
c b+d t b+d
att — ^  .Cb+d) E E . p , i . 2 _  ^ th. 2-,
AU .______ t c Z [ ^  til .... (5.3.32)
bEA*5
substituting from equations (5.3.27) and (5.3.32) in inequality
i tlx
(5,3.20) and rearranging for Cet£ + results in the following
inequality
(Et L +£t V  (5-3.33)
EtEc£(b+d)
The minimum value of the transverse cracking strain et^u (min), 
is thus given by:
etju (min) = -ebb + ' .....(5.3.34)
0««<>VcA
Comparison of this equation with etJu (min) in equation 
shows that the thermal effect reduces the theoretical cracking
strain by an amount equal to the thermal strain in the transverse
til X
ply et£. Values of et^u (min) have been calculated from equation
(5.3.34), and are also shown in figure 5,3,8 for specimens with
varying 2d, It is noted that the effect of including the thermal
strains is small in glass fibreyepQx^ composites but is quite
considerable in carbon fibrey^^^laminate (133) shown' in figure
5.3,10,
f
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Figure 5.3.1. cross ply model for transverse cracking analysis
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Figure 5.3.2. Comparison between multiple cracking theory and 
experiment for crack spacing of a 0°,90°,0° glass fibre/polyester 
laminate with a 90° ply thickness of 1.6mm as a function of 
additional stress Aa , showing the close agreement between the 
corrected theory and experiment ; data taken from Garrat and 
Bailey (78).
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Figure 5.3.3. Theoretical and experimental variation of average 
transverse crack spacing with applied stress cra and additional 
stress Acr0 for a 0°,90o ,0° glass fibre/epoxy laminate with a 90° 
ply semi - thickness of 0.6mm.
8.16
JS1
O  1 9
2 u  
o
, 100 , 200 Cr?,(MNnr4
200 400 600 A  a
Figure 5.3.4. Theoretical and experimental varition of average 
transverse crack spacing with applied stress oa and additional 
stress Aa 0 for a 0°,90o ,0° glass fibre/epoxy laminate with a 90° 
ply semi_thickness of 2mm.
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Figure 5.3.5. Theoretically predicted and experimentally observed 
stress - strain curve of a 0°,90o,0° cross ply laminate with 90° 
ply semi-thickness of 0.6mm. (---- ) theory, (.... ) experiment .
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Figure 5.3.6. Theoretical plot of the number of cracks against 
the reciprocal of the applied stress, together with the experimental 
results for a 0°,90°,0° glass fibre/epoxy laminate with 90° ply 
semi - thickness of 0.6mm .
184
cl flu
uo
Displacement
Figure 5.3.7. Illustration of cross ply specimen extension 
under constant load during the formation of a transverse crack .
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Figure 5.3.8. Comparison of the theoretical and experimental 
values of the transverse ply cracking strain as a function of 
semi-transverse ply- thickness for 0°,90o ,0° glass fibre/epoxy
laminates : (— l— *) constraint theory, equation(5.3.23) , ( ---  )
constraint theory, equation(5.3.34) , (©) experiment . The 
horizontal line shows the limiting value of cracking strain 
for large 90° ply thickness ; b=0.5mm.
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Figure 5.3.9. Comparison of the theoretical and experimental values 
of the transverse ply cracking strain as a function of longitudinal
plythickness for 0°,90°,0° laminates : ( ---- ) constraint theory ,
(o,o) experiment .
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Figure 5. 3.10. Comparison of- theory and experiment for the 
transverse cracking strain of 0°,90o ,0° carbon fibre/epoxy
laminate as a function of the 90° ply thickness . (----) constraint
theory, equation(5.3.23.) , (---- ; constraint theory after
modification for thermal strains, equation(5.3.34.) , (-©-) 
experiment .
5.4. TRANSyERSE CRACKING BEHAVIOUR IN 90°, 0°, 90°
CROSS PLY LAMINATES
In 90°, 0°, 90°, composites the two 90° plies cracked 
independently of one another but in a similar fashion to the 0°, 90°, 
0° configuration. The onset cracking strain et£u° was found to 
depend critically on the 90° ply thickness b but remained almost 
constant with the 0° ply thickness, 2d was varied (figure 4.4.1).
However, it is to be noted that in contrast with e ^ in 0°, 90°, 0°
. 0 . o
laminates, did not approach a constant value at large 90
ply thickness but rather decreased continuously as b increased,
reaching a value as low as 0.22% at b = 1.5mm. Clearly a thermal
effect cannot account for this since the thermal strains are small
especially at large values of b and when added to the observed value
of 0.22% cannot reach For the case of d varying, however, the
o
measured value of eJ_n was about 0.43% and when summed with the
txu
average thermal strain over the range considered of approximately 
0.075% gives a value of 0.505%. This is very close to the transverse 
fracture strain et£u°f 0.5%.
For the theoretical prediction of et^u° (min), two cases 
can be considered. If the two 90° p'lies crack simultaneously and in 
the same plane, then equation C5.3.34) can be modified for the 90°, 0°, 
90° configuration to give the theoretical minimum cracking strain
EM u ° (Bin) i,e- '
2Y.dEo6* x
e Q ° (min). -  -e 2 . •.«» (5.4,1).
* E.fc (b+d)_ 
t ct
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where
$ = Ch + d)
E„ E „2.I t  db
If, however, the 90° plies crack independently of each
other, then a modification to equation (5,4,IX. would he necessary.
This was done by assuming that when only one of the 90° plies cracks
the remaining two plies behave as a longitudinal ply with a thickness
of (2d + b) and a modulus of E 2d + E b . Hence, E , d and
1 2d+b 2d+b 1
(b+d) in the above equations can be replaced by E„ 2d + E b ,
£ A . ,T t
2d+b 2d+b
(2d+b) and 2 (b+d) respectively to give the following equation:
e "  (min) - -£tb ♦ c V 2* * >  <** J b  + Et 2 ^ ' ^
t U W u  E E (b+d)
t ct
(5.4.2)
where $ = ^ c t  ^t (b+d)
E„(E„ 2d , b ). (2d+b)b2
' 2d+b 2d?b
Equation (5.4.2) is almost equivalent to equation (5.4.1) 
indicating that the independent cracking of the 90° plies has a 
negligible effect on the value of (min). Values of et^u°(min)
have been calculated from equation (5.4,1) and are plotted as a function 
of b and d in figure 5.4.1; together with the experimental results.
The theory is shown to fit the experiment closely and it is observed 
that cracking in these laminates is energy controlled over the range 
of geometries investigated. This differs from the behaviour of 0°,
90°, 0° composites where cracking was mechanism controlled under 
some geometries. This discrepancy observed in the behaviour of
0°, 90°, 0° and 90°, 0°, 90° laminates has not been resolved, 
However, it might be expected that the composite cracks' at a lower 
strain in the_9P°, 0°, 90° configuration since in this case the 
.90° ply is less constrained due to the free surface and is also 
exposed to the edge and surface damage.
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0f>r 0.2
OutergoPlyThickness.bt mm)
(a)
_  0.8
ouj I
Semi-innerO° Ply Thickness.d(mm)
lb)
Figure 5.4.1. Theoretical and experimental variation of the 
transverse cracking strain of 90°,0°,90° glass fibre/epoxy 
laminates as a function of (a) outer 90° ply thickness b ,for 
d=0.5mm , and (b) semi dinner 0° ply thickness d, for b=0.5mm, 
( --- ) theory , ( © ) experiment .
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5.5 Poisson*s Effect and Longitudinal Splitting in
0°, 90°, 0° Cross Ply- Composites
Tensile tests on 0°, 90°, 0° glass fibre/ laminates7 * ■ ° epoxy
revealed the splitting of 0° plies along the fibre direction occuring 
at a strain e . prior to the composite fracture. Splitting was not
W  S
observed in the unidirectional 0° lamina indicating that this effect 
is a consequence of the interaction between the plies in the sandwich 
composite. The onset strain over the longitudinal splitting increased 
as both the 0° ply or the 90° ply thickness decreased. See Figure 
4.3.11; The effect was completely suppressed in the laminate with 
an outer ply thickness of 0.25mm or less.
The longitudinal splitting is considered to occur as a 
result of the tensile strain generated in the 0° plies in transverse 
direction due to the Poisson’s effect . The thermally generated 
strain, see section 3.7, is also positive and hence promotes the 
splitting phenomenon.
Consider the 0°, 90°, 0° laminate shown in Figure 3.9.1.
The Poisson1s ratio of the unidirectional ply when loaded along the 
fibre direction, v , is 0.27 and that in transverse loading, v , 
is 0.09. Hence upon ioading the laminate under tension, the 
contraction of the outer plies in the transverse direction is 
constrained by the stiffer Cin the t direction) inner ply which
contracts only very little. As a result of this, a tensile strain
P . P
e^t is generated in the outer plies and a compressive strain etfc
in the inner ply in transverse direction, At an applied strain
eZZ < eU u *  t*ie consideration of force balance and strain compatibility
(134) , gives;
I
2dE 0 c + 2bE £0. —  0 ♦ »<,» (5»5«1),
A tt t it t
elt ~ Ett _ CVJt "Vt)- CS.i  C5.5.2)
And therefore:
eu  * ffeSpsL £or eh  < £u u  ..... (5-5 -3)E„d + E b 
I t
When the applied strain reaches £t^u > the transverse
ply cracks and from then on the strains in the 0° and 90° plies will
be no longer constant but vary with the distance from the cracks.
The strain in the 90° ply e ^ varies from zero in the plane of the
cracks to a maximum possible value of £t^u half way between the
cracks. In the 0° plies, the strain e is maximum, having a value 
E d
of e* (1+ t )at the transverse cracks and reaches a minimum possible
XsX/ _ V
& i E d
value of e*0 + + ) t mid-way between the cracks; where
XsXr XiXi tX<U ,
b . da o .
e* denotes the composite strain (the 0 plies strain) if there had
been no cracks. To simplify the, calculation it is assumed that
:u
the strain e in the 0°plies is invariant with the specimen length
and that the strain in the 90° ply remains constant at with
tx-u
further increase in e ^ ;  This is a reasonable assumption as both 
e | and v are small. Thus the strain compatibility now gives:
£Jlt ” Ett ~ vi “ Vt eU u   C5,5,4).
and from equations 5,5,4 and 5,5,1:
P E„d i
= Fd5ET ^  " E“uVt> f°r
SL t
*, *. * (5,5.5)
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Thus cracking of the 90° ply enhances the Poisson strain.
Equation 5.5.5. is an approximation, due to the assumption made
P
earlier, and slightly underestimates the yalue.of the strnin
P . .
In reality the strain is not constant along the specimen
length but varies exponentially from a maximum value of
E (1 + ^t^ ) v at the transverse cracks to a minimum
E d  + E b E b *
I t  &
value, which is a function of the crack spacing mid-way between the
cracks. Hence, the longitudinal splits which occur as a consequence
of this tensile strain are expected to initiate at the transverse
cracks. This has not been observed in the experiments since the
propagation of the splits was too fast and their origin could not
be defined. However, some delamination was found to occur between
the plies of the points where the longitudinal split met the
transverse cracks, see figure 4.3.10, in laminates with relatively
thick outer plies. This indicates the larger loads (and hence 
P
larger e£t) exchanged between the plies at the transverse cracks.
P .
From equation 5.5.5, for a given applied strain 
increases with decreasing the 0° ply thickness or increasing the
90° ply thickness. This is shown in table 5.5.1 where the
P .
values of e^t generated at the composite fracture strain
of ^ 2.2% are given as a function of the ply thickness.
The longitudinal splitting of the 0° ply will occur 
at an nri applied strain when the sum of the poisson and thermally
generated strains in the 0° plies in transverse direction reaches 
or exceeds a critical value . i.e.
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p
TABLE 5.5.1. Calculated Values of the Poisson Strain
Generated in the 0° Plies in the Transverse
Direction at the Fracture strain of 0°, 90° 
0° Composites, £nf>u
d = 0.5mm
b
(mm) 0.15 0.25 0.5 1.0 1.5 2.0
P
£Zt
at eU u  
(%)
0.495 0.448 0.392 0.319 0.261 0.233
b = 0.5mm
(mm) 0.1 0.25 0.5 1.0 1.5 2.0
P
ezt
at £U u  
(%)
0.196 0.31 0.392 0.448 0.470 0.482
£Jlts + E*t 5 es,ts  (5.5.6)
Where e ■ is the transverse cracking strain of 0° plies under
A t US
this particular loading condition. To predict the onset strain for
longitudinal splitting one needs to know the value of e . If e
J o ts  J o ts
had a constant value, independent of the plies thickness, then 
from equations 5.5.5 and 5.5.6 the longitudinal splitting strain 
eJt£s wou^  have been expected to decrease with the cracking ply 
thickness b. The trend of the experimental results is in contrast
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with this indicating that a constraining effect is operative as 
the ply becomes thin, resulting in an increase in e and hence
A9 ts
e . Assuming as an approximation that e is equal to the
JO&S X/US
sum of the measured transverse cracking strain and the existing
thermal strain of the similar 90°, 0°, 90° laminates under tensile 
O til
loading, i.e. et£U + etzf then inequality 5.5.6 can be written 
as:
P . , th _ o th
£Zts eZt " £tZu + £tZ  (5.5.7)
The two thermal strains e ^  and are identical, see table 
3.9.1 and thus inequality 5.5.7 reduces to:
EJtts 5 Etlu  (5.5.8)
In this approach the constraining effect is thus 
implicitly taken into account. The values of the onset strain for
splitting have been calculated by substituting the experimental
o . P
values of see Figure 4.4.1, for in equation 5.5.5
and are plotted in Figure 5.5.1 as a function of b and d; together
with the experimental values. These results are also plotted in
P
Figure 5.5.2 m  terms of the transverse strain the experimental
P .
data for en have been calculated from the directly measured 
£ts
values of e using equation (5.5.5). This approach is found to be
j(/A/S
satisfactory in giving the trend of the experimental results but
overestimates the values. This might be expected since the variation
o 0 0 0 .
m  et£U is controlled by the energy state of a 90 , 0 , 90 laminate
under tensile loading and that in longitudinal splitting is due to
the energetics under a different loading condition. The fact that the
-195-
longitudinal splitting occurs at a strain lower than £t^u shows 
that there is more energy available for splitting than the transverse 
cracking. The energetics for the splitting are treated and discussed 
in section 5.6.
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0.5 c 10 1.5 2.0
Outer'0 Ply Thickness, b (mm)
(a)
Semi-inner90°Ply Thickness, d (mm)
Figure 5.5,1. Comparison of theory and experiment for the
longitudinal splitting strain » of 0°,90o ,0° glass fibre/
epoxy laminates as a function of (a) outer 0° ply thickness b,
for d=0.5mm , and (b) semi - inner 90° ply thickness d, for
b=0.5mm : (— — ) theory , (©) experiment . A  denotes the specimen 
failure with no sign of splitting .
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£ °-4
Outer OPly Thickness. b(mm)
(a)
I  0A
Cl
Semi-inner 90 Ply Thickness.d (mm)
Ib)
Figure 5.5.2. The transverse strain at the onset of longitudinal 
splitting , e^ts , of 0°,90°,0° glass fibre/epoxy laminates as a 
function of (a) outer 0° ply thickness b, for d=0.5mm , and (b)
semi - inner 90° ply thickness d, for b=0.5mm : (---- ) theory ,
(© ) experiment .(A) specimen failure with no sign of splitting .
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5.6. LONGITUDINAL SPLITTING CONSTRAINT IN 0°, .90°, 0° 
CEOSS PLY LAMINATES.
The constrained longitudinal splitting observed in
0°, 90°, 0° cross ply laminates is theoretically treated in this
. . P
section and as equation for the minimum values of e and s at
lS X/X/S
which splitting is energetically possible obtained. This treatment 
is fundamentally similar to that for the transverse cracking in 
that both are based on an energy balance criterion. In the 
calculations presented here, a constant displacement rather than 
constant load is considered. The reason for this is that the 
simple criterion of AW = 2AU which was the motive for consideration 
of constant load in the transverse cracking constraint calculations is 
no longer applicable and it therefore seems more realistic to 
take the condition which is closer to the experimental environments
i.e., constant displacement.
Consider the 0°, 90°, 0° cross ply laminate depicted 
in Figure 5.6.1 strained to To simplify the calculations it is
assumed that the 90° ply is fully cracked at this stage and that 
the strain in the ply is constant at et£u * The splitting of 0° plies 
results in the partial relaxation of the poisson stresses in both 
0° and 90° plies in the t-direction. Using the modified shear lag 
analysis (78 ), the transverse strains in the plies at a distancex 
in the t-direction from the longitudinal split are given by:
p P th I
eU  = ^£ts + e£t^  (5.6.1)
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where
<j> = E ct Gt (b+d)  (5.6.3)
Bl E t
Under constant displacement conditions, the relaxations of 
the plies in the t-direction is accompanied by a load drop in the 0° 
plies and a load increase in the 90° plies in the ^-direction.
Using the energy balance argument, the ply cannot split unless the 
following inequality is satisfied:
-AU £ 4YtbL  (5.6.4)
where AU is the total stored elastic energy absorbed in the body and 
Y is the fracture surface energy per unit area of the cracked ply.
AU is given by:
AU = AU +AU  (5.6.5)
u X/
where AU^ _ is the energy absorbed due to the relaxation of the plies 
in the t-direction and AU is that in the ^-direction AU has been
t
calculated using a treatment similar to that for transverse cracking 
given in Appendix 1 and is given by:
AU. = . 2bLCb+d)EctE(; C e l + e th)2 ..... (5-6 6)
t ts c
AU canlbe calculated by subtracting the energy 
increase in the 90° ply from that lost in the 0° ply in the £-di recti on. 
The small shear stress redistribution has been neglected thus giving:
c/0 Cj,
= '2 / °
i
AU* ' o ' *  l AaW eU s  2bLdx + 2 fo ^  Aa«
e 0 2dLdx .....(5.6,7)
t&u
where Acrn.is the stress reduction in the 0° plies and Aa7 n the stressJo JO tx.
increase in the 90° ply in the ^-direction at a distance x  from the 
split, and can be calculated using standard laminate
theory for plane stress conditions but taking into account reduction 
of transverse strains due to splitting giving the following equations
- L A _  eUs + ie*B + ebb)a-exp-^X)]
1_V t  1_V t
-f Ei _  eUs + ( * t l „  '+  (5.6.8
£Vt ^ V t
A°« - L i £ _  e tl  - V ,  (,/ts + e£) (1-exp-fb
1-V t  1_V t
E b ,  r E*. • ^ v f P . th . E bi
t—~— O  "-M- (e^  > =£Jl-vtvt ttu l-vJlvt ztd
 (5,6,9)
considering equations 5.6.6 to 5.6.8, e = 1_ + ^t^ )
v* V
et L + vt etlJ • v * * = V t and v  + Etb = Ect(b+d) gives
2bL(b+d)E E. , P A th. „ P r- A  i \
\  ■££..£, (£jtts + e l. eU B  Cl-exp- « c/2)
d E ^  (l-v,vt).
. . . . . (5.6.10)
The terms exp(-<f> cJ^) and v^vt are very small and can thus be 
neglected in equation 5,6.10, Equations 5.6,3 to 5.6.6 and 5.6.10 
result in the following inequality:
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(b+d).E E r P ■ thv2 , (b+d)E E. th
---------------- jt-ts + c« >  - 2   £tt_- eAt:
dE^ 2 dE^ 2
■^eU s  + e£tA Y t * °  (5.6.11)
.  .  .  P
The minimum value of the splitting strain Gnin)„ is obtained
when the above inequality is zero. Thus giving
eus (min) = " 1 ht + Q c^ V + W 116 x,t —
(b+d)EctEt
 (5.6.12)
P
The other root for e£ts (min) is negative and hence not applicable. 
Substituting equation 5.6.12 into 5.5.5, the minimum composite 
strain at which the longitudinal splitting is energetically 
possible, (min), is given by:
£« s  (min) = -  f Ect(b+d) [- I e»E + A  YtdE„(j>| ]+-I  [- i ett + ✓ ( thj2 + rtdE)l
v- - • (b+d'
.....(5.6.13)
E^d 16 *** )EctE t
P
Values of e ( m i n )  and (min.) have been calculated
from equations (5.6.13) and (5.6,12). and plotted against b and d in 
figures 5.5,1 and 5,5,2, together with the experimental values.
Figure 5.5,2 shows the good fit between the theoretical curve for 
e. and the experimentally derived values. The correlation between
Xr Uo
£ ^ s (min) and the experimental results in figure 5.5,1 is apparently
P
less good; this is due to the fact that a small variation in E^ts 
produces a larger variation in It is seen that the longitudinal
splitting strain is energy controlled for all the geometries 
investigated and that like' the transverse cracking strain of 
90°, 0°, 90° composites, at large to values e ^ falls to values
)C uS
which are well below the cracking strain of the 90° unidirectional 
lamina. This further confirms the effect of the ply stacking 
sequence on the material structure.
Having discussed the energy changes that occur in the 
laminate due to the splitting of the outer plies, the reason: for
the overestimation of the splitting strain values by 90°, 0°, 90° 
composite now becomes clear. For longitudinal splitting there are 
two sources of energy available: energy released due to the relaxation 
of the plies in the t-direction, AU^, and that given out due to load 
drop in the ^-direction, AU0, where AU - AU . The energy
JO t JO
available for the transverse cracking of 90°, 0°, 90° composite
is equivalent to AU^ _ and is thus almost half of that provided for
P
splitting. Therefore, splitting occurs at a strain which is
lower than e^^and equal to 0.7 et°u »
From the constrained splitting calculations, the technological 
advantage of the plies dispersion on a fine scale is once again 
realized. By dispersing the plies not only the transverse cracking 
strain is enhanced but also the longitudinal splitting is inhibited, 
resulting in a major improvement in the working capacity of the 
laminate.
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Figure 5.6.1. Specimen model for longitudinal splitting 
analysis .
-204-
5.7. TECHNOLOGICAL AND.SCIENTIFIC IMPLICATIONS
The results of this .work show that transverse cracking of 
90° plies in cross ply sandwich laminates depends on the thickness 
of the plies. For large thicknesses, cracking is unconstrained and 
occurs catastrophically at low strains, but when the thickness is 
reduced it becomes constrained due to insufficient energy being available. 
This cracking constrainthas important implications: both scientific 
and technological.
The scientific significance appears in that this result 
offers a new technique for study of failure initiation in composites 
that crack catastrophically under the unconstrained conditions. When 
a thin layer of such materials is sandwiched between two (much) stiffer 
outer plies with a higher failure strain, cracks would form in a 
. controlled mode and can thus be readily followed as the applied load 
is increased.
The technological aspect, however, implies that it is possible 
to;partially or completely avoid the low strain transverse cracking 
in.composite laminates by controlling the thickness of the plies 
and without affecting the ultimate properties. This is that instead 
. of,constructing laminates from a few but thick 0° and 90° plies, it 
would be more beneficial to make them from a large number of thin 
plies, alternately stacked one upon another. By doing this, not only 
would the transverse cracking be avoided, but also the longitudinal 
splitting of the Q° plies would be suppressed. For instance, a 
. 0°, 90°, 0° laminate with plies each 0.5mm thick was found to crack
at ^ 0.55% strain and split in the outer plies at ^ 1.8% strain.
-2ns-
Another laminate with almost identical total ply thickness (hence 
identical stiffness and ultimate strength) but in 0°, 90°, 0°, 90°, 
0° stacking arrangement cracked at 'v 1.0% strain with no sign of the 
longitudinal splitting before the final fracture. Therefore, the 
result of this dispersion of plies on a fine scale was a 100% 
improvement in the first cracking strain of the composite!
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CHAPTER 6. CONCLUSIONS
6. CONCLUSIONS ‘
I
1. The kiesT strain magnification theory was evaluated by testing 
single transverse laminae of various fibre contents. Reasonable
agreement was obtained at the higher volume fractions, but this was not 
the case at low Vf. The fibres in the low Vf composites were not 
uniformly distributed so that there were regions of much higher 
than the average. This is considered to be the principal reason for 
the discrepancy. In these laminates it is found that the Reuss bound 
seriously underestimated the transverse Young’s modulus, but the Tsai 
and Halpin estimation was found to give a good fit.
2. In 0o ,90°,0o sandwich laminates, cracking of the transverse 
ply is strongly influenced by the laminate geometry. When
the transverse ply is relatively thick, cracks are initiated at 
0.55% strain and crack spacing is uniform and increases as the 
inner ply thickness increases. When the inner ply was less than 0.4mm 
thick, the crack initiation strain was greater, until for plies of less 
than 0.1mm no cracking was observed before total laminate failure. The 
finely separated cracks were less uniformly distributed in these laminates. 
A  deviation from linearity was observed in the stress-strain curves of 
laminates at ~ 0.3% and this was associated with a visual whitening 
effect which preceded the cracking.
3. The whitening effect was studied by optical and electron 
microscopy and was found to be due to individual fibres
debonding from the matrix. Microcracks then formed, on further 
straining, by the coalescence of these debonds and eventually
- 208-
several micro-cracks would link up to form a macro-crack. At the \ 
whitening stage, the effect was partially reversed when the load was 
removed and appeared to be totally eliminated if the composite was 
unloaded and heated at ~ 100 . for a few minutes implying that
re-bonding had occurred.
4. Cracking in the laminates with a transverse ply thinner than
0.4mm is constrained resulting in an enhancement in the 
first cracking strain and a controlled crack propagation mode. This 
effect can be explained well by the energy arguments proposed by 
Aveston and Kelly. This argument is further refined by taking into 
account the internal thermal strains which exist in the laminate as 
a result of the differing plies thermal contractions.
5. The Poisson generated strains in cross ply laminates are 
studied and found to be sufficiently large to cause the
splitting of the longitudinal plies along the fibre direction.
The longitudinal splitting phenomenon is also predicted by an 
energy argument similar to that proposed for the transverse cracking 
and can be suppressed by reducing the thickness of the ply.
6. The results of this work have important technological implica­
tions in that both transverse cracking and longitudinal
splitting may be partially or completely suppressed if the individual 
plies in the laminate are dispersed on a fine scale. For instance, a 
sandwich laminate with three plies each of 2mm thickness would suffer 
transverse cracking at ~ 0.5% strain. However, if a laminate of
-209-
similar total thickness was constructed by alternating 0° and 90° 
plies of 0.25mm thickness, cracking would not occur until a strain 
of ~ 1.0% was reached. This compares with the strain at total 
failure of the laminate of "2.2%. The presence of transverse 
cracks has a serious effect on the development of damage under 
fatigue and could also provide an additional root for attack by 
agressive environments.
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APPENDIX
Using a modified shear lag analysis and taking into accoun
thermal strains, values of AU.n, AU 0, and AU have been calculated
tH ts
These are:
(E« u  + eU )2} ' 2bcEHdy .....(lA)
ATT O r . r, i . th.2 ^ 2 \ 2  / i . thv2n
AUt* = 2 fo 2 K'tlu + etS? Cl-exp-^y2) - ( eU u  + g  ]
. 2dCEtdy  (2A)
and
L/« 0 J i th _ , | f A  v 2
AU. = 2  / 2\ xi 2dCdy = 2 / 1 [(£t$,u + etA) t * exP<~$ ?>]
ts ° G 0 2 G
2dCdy  (3A)
Substituting for in equation (1A) and after
XpX- tx, bE
I
integrating these equations give:
A _ C&E t i th.2r . , L .  4CdE^ , i thN 
A” u  “ _ _ t  CeW u  + ea ) [1-expC-2$ L)J - _ _ t  f e „ u; +
1
[ (1-exp (-$ 2_L  (5A)
2
ATT Cd(b+d)E En0(e- * + f A 2 ri ✓ , J t mAUtg = _______ t Q* tftu tZ [1-exp(-2$2L)] (6A)
1 I
where the terms exp(-$2L) and exp(-2$2L) are very small and are
2 2 
neglected in equations (5.3.29), (5.3.30) and (5.3.31).
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